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Abstract 

 

This study investigates a novel combined cooling and power concept with a Solid Oxide Fuel 

Cell (SOFC) driven Vapour Absorption Refrigeration System (VARS) for automotive 

transportation. The novel concept is focused on future powertrain designs where the fuel cell 

electrically contributes to both tractive force and auxiliary loads, with the heat generated used 

to operate a VARS.  This thesis therefore focuses on the integration of an SOFC system with a 

VARS for automotive transportation applications. To prove the feasibility of such a concept, 

the work is divided into two categories, namely: an experimental approach and a simulation 

approach. In order to gain confidence in in the feasibility of SOFC integrated VARS concept, 

experiments were carried out on a laboratory set-up. It appeared that it was possible to achieve 

freezing temperatures down to -8ºC with the laboratory set-up.  

 

A detailed steady state and transient simulation model of the SOFC and VARS combined 

system was then developed. In the first step of steady state simulation, the performance of 

different SOFC system configurations to power a VARS were compared. The best SOFC 

system layout and operating conditions to obtain optimised performance of the combined 

system were identified.  The selection of the operating envelope of the SOFC system to power 

a VARS is not a straightforward process as it appeared that a balance had to be struck between 

the need for refrigeration load, power density, emissions, and the overall efficiency of the 

system. Hence, a comprehensive thermodynamic performance analysis was carried out to select 

the preferred operating envelope for the SOFC system considering several crucial performance 

parameters.  
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A detailed 0D SOFC, and a 1D VARS transient model were prepared to analyse the different 

operational phases of the integrated system during truck operating hours. The transient 

simulation concept of predicting SOFC integrated VARS performance under load following 

conditions for automotive application has been explored here for the first time. The system 

level transient simulation was carried out for the hottest and coldest day of a calendar year to 

observe the SOFC system response in matching the varying refrigeration load. It was observed 

that the SOFC system could deal with load following conditions without violating any 

operating constraints. 
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Chapter 1: Introduction 

 

 

 

This chapter provides a brief introduction and background to fuel cell technology and heat 

driven refrigeration technology.  It also introduces the need to develop an alternative 

technology for refrigerated transportation. The research objectives, scope and research 

questions are introduced along with the outline of the thesis.  
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1.1 Introduction 
 

Refrigerated transportation is one of the crucial elements of the cold chain. A refrigerated 

carrier controls the temperature of the transported goods, mostly food, within the tolerance 

limits that will ensure high-quality shelf life. Refrigerated transportation also plays a vital role 

in vaccine transportation across the globe. The total number of refrigerated vehicles worldwide 

is estimated to reach 15.5 million by 2025, up from less than 3 million in 2013 [1]. In 2019, 

the market value of refrigerated transportation was 15.5 billion USD globally [2]. However, 

the widespread application of refrigerated carriers also has also a negative environmental 

impact. In the UK, commercial food transport is accountable for 12MtCO2e [3] in which one-

third of food transportation is temperature controlled. Truck refrigeration units (TRUs) employ 

Vapour Compression Refrigeration Systems (VCRS) to produce a refrigeration effect. Most 

VCRS are powered by an auxiliary diesel engine or via the vehicle main engine to power the 

VCRS [3]. It was found that the TRU employed on a truck powered by an auxiliary diesel 

engine emit six times more NOx and 29 times more Particulate Matter (PM) than a Euro VI 

diesel engine [4]. In 2015, one million TRUs in Europe emitted 40,000 tonnes of NOx, 

equivalent to 26 million Euro 6 diesel cars, 5,000 tonnes of PM, equivalent to 56 million Euro 

6 diesel cars and 13 MtCO2e [4]. The primary reason for the high number of emissions from 

TRUs is that the EU emissions restriction policy does not restrict the emissions from TRUs. 

TRUs are covered under Non-Road Mobile Machinery (NRMM) regulations. Current NRMM 

only covers emission restrictions on auxiliary diesel engines having a capacity greater than 19 

kW. Most diesel engines used for TRUs have around or less than 19 kW. TRUs employed on 

the truck also suffer from poor overall efficiency, approximately 25% [5]. Moreover, these 

VCRS employ hydrofluorocarbon refrigerants with great Global Warming Potential (GWP), 

such as R134a and R404a with 1430 and 3922, respectively. The annual leakage rate of the 

refrigerant from the TRUs can be as high as 15% to 25% [3]. These data confirm that 
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conventional TRUs are inefficient and harmful to the environment, and there is a need to 

develop sustainable energy conservation technology to reduce both the emission of Greenhouse 

Gases (GHGs) and hazardous air pollutants from refrigerated road transportation. In response, 

the California Air Resource Board has announced that development of novel refrigerated 

transportation technologies that can reduce GHG emissions by 40% by 2030, 80% by 2050 and 

PM emissions by 85% by 2030 to meet climate change mitigation goals [6]. This long-term 

objective includes developing novel TRUs technology with zero or near-zero emissions. 

 

1.2 Decarbonisation of Refrigerated Transportation 
 

Fossil fuel is the leading energy provider in conventional TRUs. GHG emissions can be 

reduced from the TRU if the auxiliary engine is fuelled by Compressed Natural Gas (CNG) or 

Liquefied Natural Gas (LNG) to power VCRS on the truck without substantial changes to the 

current technology. However, it was determined that CNG and LNG-powered TRUs only 

reduce the overall emissions rate by 25% and 12%, respectively [6]. Hence, CNG and LNG-

powered auxiliary diesel engines are not favourable long-term solutions to make carbon-neutral 

TRUs. Cryogenic transportation systems using Liquid Carbon Dioxide (LCO2) and Liquid 

Nitrogen (LN2) have recently emerged as potential technology to replace conventional diesel 

driven TRUs [7]. Cryogenic TRUs share 0.5% of the total market in Europe, although the cost 

of cryogenic fuels is comparable with diesel. Cryogenic TRUs technology is only feasible 

where cryogenic fuels are readily available with refuelling infrastructure, which is not 

widespread across the globe. Rai and Tassou [3] compared the environmental impacts of 

cryogenic transportation systems using LN2 and LCO2 with conventional diesel driven VCRS 

large refrigerated trucks. The authors concluded that all the technologies emitted similar GHG 

emissions. Hence, cryogenic transportation is also not a viable option to decarbonise 

refrigerated transportation. Electric battery-operated TRUs have the potential to become an 
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alternative to refrigerated transportation. All-electric battery-operated TRUs on vans and small 

trucks are already employed in Europe. However, for large long-haul trucks, all-electric 

battery-operated TRUs have yet to be developed due to the requirement of large and bulky 

batteries, which sacrifices the truck's payload capacity. Also, plug-in infrastructure for long-

haul trucks and all-electric battery-operated TRUs is minimal globally [6]. In the current 

scenario, the all-electric TRUs concept is in the early commercialisation stage for vans and 

small trucks. Long-haul trucks are in pilot-scale development, needing further attention and 

action to employ the idea for real-world applications. 

 

In the recent decade, there has been an increasing interest in adopting fuel cells in automobiles 

to make them more environmentally friendly and to either replace the conventional diesel 

engine or reduce the engine load. Fuel cells on board the vehicle have been used as part of the 

power train and as an Auxiliary Power Unit (APU). Fuel cell technology has recently 

penetrated heavy-duty transportation applications as a favourable alternative to all-electric 

battery-operated technology [8]. Fuel cells directly convert chemical energy of the fuel into 

electricity. Hence, the fuel cell produces electricity with higher efficiency. The fuel cell can 

generate carbon-neutral and emissions-free electricity if it is powered by green hydrogen (H2) 

(for instance delivered via electrolysis driven by renewable electricity). Even if the fuel cell is 

powered by fossil fuel, it can significantly reduce GHG emissions, NOx emissions and PM 

emissions due to the higher efficiency [9]. The California Air Resource Board has identified 

fuel cell powered TRUs as one of the most promising technologies for future sustainable TRUs 

[6]. Fuel cell TRUs are not commercially available as the concept is still in pilot-scale 

development. However, it is predicted that fuel cell TRUs can be pushed into the early 

commercialisation phase within the next five to ten years [6]. Polymer Electrolyte Fuel Cell 

(PEFC) and Solid Oxide Fuel Cell (SOFC) technology are identified as potential fuel cell 
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technologies that will take over most market share. Remarkable attention has been given to 

PEFCs by automobile industries as possible successors to internal combustion (IC) engines due 

to quick start-up times, high power density and ability to switch to steady-state operation 

rapidly [10]. However, widespread green hydrogen infrastructure with comparable cost are the 

primary requirements for successfully commercialising PEFC-driven TRUs. SOFCs are 

preferred for stationary combined heat and power applications, with 25,000 units accounting 

for approximately 85 MW employed since 2017 [11]. Most employed units have been fuelled 

by the existing natural gas infrastructure. Hence, it is unclear whether fuel cell system will be 

compatible with the TRUs in the near future and if so, which type of fuel cell system will be 

the best candidate. Unfortunately, the attention seized by PEFCs technology has overshadowed 

the possible application of other types of fuel cells in automobile applications. For instance, 

high durability, high efficiency, high-quality residual heat, and fuel flexibility make SOFC an 

attractive technology for satisfying the energy requirements of diverse end-use applications  

[12]. The available high-quality residual heat from the SOFCs can be utilised further for 

cooling and refrigeration applications with heat-driven refrigeration cycles. Heat-driven 

Vapour Absorption Refrigeration Systems (VARS) have been employed in commercial 

applications since the 1950s [13]. In recent years, heat-driven refrigeration technologies have 

gained significant interest from researchers to overcome emerging environmental challenges 

in the cooling and refrigeration sector. Most heat-driven refrigeration technologies use an 

environmentally friendly refrigerant with zero GWP. Furthermore, heat-driven refrigeration 

technologies can utilise waste heat as input energy leading to waste heat recovery and energy-

saving opportunities.    

 

Therefore, the integration of SOFCs and VARS may play an essential role in the refrigerated 

road transportation energy transition. Thus, this dissertation provides insight into the 
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characteristics and operating strategy of SOFC integrated VARS combined systems for 

refrigerated transportation applications.   

 

1.3 Overview of Solid Oxide Fuel Cell Technology 
 

The SOFC is a high-temperature fuel cell that operates at 500 to 900°C [12]. Since SOFCs use 

higher temperatures, they are less sensitive to fuel impurities compared to PEFC and can deal 

with various fuels such as methane, carbon monoxide and ammonia [14]. Amongst the various 

types of nonconventional energy systems, SOFC systems have been identified as an emerging 

energy generation system since they can produce electric power with high energy efficiency 

and negligible emissions of NOx and no emissions of SOx and PM from methane/natural gas 

[15]. Therefore, a brief review of the working principle of SOFCs and the SOFC system is 

presented next.   

 

1.3.1 Working principle of SOFC  

 

A typical SOFC Single Repeating Unit (SRU) consists of four major components: the cell made 

of an anode, an electrolyte, and a cathode, and the interconnect between individual SRUs. 

SOFCs are constructed with two porous electrodes separated by an oxygen ion conducting 

electrolyte (for instance, yttrium-doped zirconium oxide). Electrolyte materials can only 

conduct ions at a higher temperature. Therefore, SOFCs must be operated at a high working 

temperature of 500 to 900°C. Higher temperature accelerates the electrochemical reactions and 

improves contaminant resistance and electrical efficiency. The anode is mostly made of a 

mixture of ceramic electrolyte and nickel catalyst, and the cathode of perovskite material, for 

instance lanthanum strontium manganite or lanthanum strontium cobaltite ferrite. In a typical 

SOFC, fuel is continuously fed to the anode and oxidant (normally air) is provided to the 
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cathode. Under load, oxygen ionisation takes place at the cathode surface. Oxide ions travel 

through the solid electrolyte to the anode, oxidising the fuel (e.g., hydrogen), which releases 

electrons, heat and water. As the electrolyte is a material with (ideally) zero electronic 

conductivity, electrons are directed through the interconnect and connected load towards the 

cathode, as shown in Figure 1-1. In the case of methane as an inlet fuel, different chemical 

reactions, namely Steam Methane Reforming (SMR) and Water Gas Shift (WGS) reaction, 

take place in the anode [16].  

 

 

Figure 1-1 : SOFC working principle [16]. 

 

1.3.2 SOFC system  
 

The schematic of the SOFC system fed by hydrocarbons is shown in  Figure 1-2. A SOFC 

system consists of an SOFC stack, and the Balance of Plant (BoP), including anode and cathode 

pre-heater, air blower, fuel blower, water feed pump, and catalytic afterburner. The inlet fuel 

is mixed with high-temperature steam before entering a pre-reformer, where the water and fuel 

reform into a hydrogen gas-rich mixture. The inlet air is also pre-heated before it enters the 

SOFC stack. The exhaust gases enter an afterburner to combust any unreacted fuel from the 
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stack. The high-temperature exhaust gas mixture generated from the afterburner is used to pre-

heat the anode and cathode inlet gas streams. Usually, an external reformer is used in SOFC 

systems to convert hydrocarbon fuels into a hydrogen-rich gas mixture (fuel reforming). 

However, it is also possible to carry out the fuel reforming process on the nickel-based anode 

catalyst, known as Direct Internal Reforming (DIR) [17].  SOFCs can deliver (net) electrical 

efficiencies of 60 % and beyond [18]. If the high residual heat is being further utilised for co-

generation (combined heating and power or combined cooling and power), the SOFC system 

can achieve a combined efficiency over 80 % [19].  

 

Figure 1-2 : SOFC system fuelled with hydrocarbon fuel [12].  

 

1.4 Overview of Vapour Absorption Refrigeration System  
 

The VARS concept is the most used heat-operated refrigeration system. The VARS is one of 

the oldest refrigeration concepts, having been invented in the 1700s. It involved making ice by 

evaporating water in the presence of sulphuric acid in a vacuum container [20]. The working 

fluid in a VARS is a binary solution that consists of a mixture of refrigerant and absorbent. 

LiBr-H2O and NH3-H2O are the widely used pairs for VARS [21]. The LiBr-H2O team is used 

for cooling and air conditioning, whilst the NH3-H2O pair is used for refrigeration. Therefore, 
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the NH3-H2O couple is considered for the VARS in this work. In the NH3-H2O pair, NH3 acts 

as a refrigerant and H2O as an absorbent. A schematic of a single-stage aqua-ammonia VARS 

is depicted in  Figure 1-3. The main components of the single-stage aqua-ammonia VARS are 

a desorber, absorber, rectifier, evaporator, condenser, a Solution Heat Exchanger (SHX), a 

Refrigerant Heat Exchanger (RHX), and the Solution Pump (SP). 

 

In a VARS, the refrigerant flows throughout the system while the absorbent only circulates 

between the absorber and the desorber. A thermal compressor and an absorbent replace the 

mechanical compressor of the conventional VCRS. A VARS operates between high and low-

pressure levels. The desorber, condenser, expansion valve, solution heat exchanger, and 

rectifier operate at high pressure, and the absorber, evaporator and refrigerant heat exchanger 

operate at low pressure. An expansion valve integrated into the system controls high and low 

pressure. A robust solution (with high ammonia concentration) is pumped from the absorber 

through the SHX to the desorber at elevated pressure. Thermal energy is supplied to the 

desorber to separate the NH3-H2O binary solution. Ammonia and water vapour enter the 

rectifier, where the ammonia vapour is purified from any water vapour. Then it enters the 

condenser, where the ammonia is condensed. The condensate is passed through the RHX and 

throttle valve to the evaporator and absorbs the heat from the external source at low pressure. 

High temperature and pressurised weak solution (solution with low ammonia concentration) 

enter the SHX from the desorber, which rejects heat to the high-pressure solution from the 

absorber. The low-temperature weak solution finally enters the absorber from the SHX, where 

it absorbs the refrigerant (ammonia) vapour from the evaporator. The primary function of the 

SHX is to preheat the strong solution to a certain degree which will minimise the heat required 

to boil the solution at the desorber. The advantage of employing an RHX in the system is that 
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the liquid refrigerant (ammonia) is cooled down further, accelerating the evaporator's cooling 

capacity. 

 

Figure 1-3 : Schematic diagram of vapour absorption refrigeration system [22]. 

 

Diesel combustion technology currently dominates the refrigerated transportation market due 

to its technical maturity, low cost and operational flexibility, reliability, and available 

infrastructure for refuelling. However, the United Kingdom is following an emissions 

reduction strategy and action to improve urban air quality, reduce heavy-duty vehicle 

emissions, and noise levels. Therefore, heavy-duty vehicles and bus and truck operators are 

encouraged to switch to alternative propulsion technology with zero or ultra-low carbon 

emissions. Diesel engine powered TRUs can contribute as high as 40% to the total GHG 

emissions of the vehicle [23]. Hence, even if TRUs can be replaced by alternative sustainable 

technology, a considerable amount of GHG emissions could be reduced from refrigerated 

vehicles.  
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1.5 Research Objectives and Scope 
 

The broad objective of the study is to predict the performance of SOFC exhaust driven 

absorption refrigeration systems for refrigerated automotive transportation. The ultimate goal 

is to make refrigerated transportation more environmentally friendly or/and completely green 

with SOFC technology.  The research objectives and scope of the current study are as follows: 

 

1. Feasibility of the concept of SOFC integrated VARS via an experimental approach. 

▪ A laboratory setup was developed to couple the absorption refrigeration system 

with an SOFC exhaust. It supported the evaluation of the viability of coupling 

an SOFC exhaust with an absorption refrigeration system.  

2. Development of a simplified SOFC system simulation methodology.  

▪ The goal here was to develop an SOFC system level model with least number 

of input parameters required to solve it. A simplified and generic SOFC model 

helped in predicting the system level performance to match the trade-off 

between accuracy and computational effort.  

3. Development of a steady state and transient model for the combined SOFC-VARS 

system. 

▪ Steady state modelling was required to estimate the energy and mass flows in 

the system. The steady state model provided insight into the system 

performance. This data was needed later to develop the transient model of the 

system.   

4. Identification of an optimised operating strategy for an SOFC driven absorption 

refrigeration system for refrigerated transportation. 

▪ The SOFC-VARS system encounters different operational phases during 

operation. Different strategies need to be developed based on feedback from 
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transient and steady state simulation to obtain an efficient performance of the 

system. 

5. Identification of the system transient response to load following conditions. 

▪ This was required to determine the capability of the SOFC system to match 

refrigeration load following conditions over a variety of ambient conditions.  

 

In addition, following research question were also addressed in the current study.  

1. Between SOFC and VARS systems, which system’s performance is more crucial to 

enhance overall efficiency of the combined system?  

2. Does conventional SOFC system layout/architecture offer optimised performance for a 

concept of combined cooling and power?  

3. Should SOFC be operated to maximise electrical or thermal power? What should be 

the optimised operating envelope (temperature, fuel utilisation, current density, and 

anode gas recirculation) of the SOFC system to power the VARS? 

4. To what extent the proposed system can contribute to decarbonise refrigerated 

transportation?  

5. How long does the heat-up time for the SOFC last? If the heat-up time of the SOFC is 

longer, would it affect the suitability of an SOFC system for refrigerated transportation 

applications?  

6. How long can SOFC maintain temperature above its minimum activation temperature 

during non-operative hours of a truck? Does SOFC need to heat-up often after 

short/long breaks during the journey?  

7. How does the refrigeration load following operation affect the SOFC operating 

envelope?  

 



➢ Introduction 

13 

 

The current study considers both experimental and simulation approaches to assess the system 

performance. However, the simulation and modelling aspect contributes significantly to the 

current study. It is mainly carried out to better understand steady-state and transient 

performance of the SOFC integrated VARS.  The outcome of the modelling can be utilised 

further to develop matured SOFC integrated VARS system for real life application.  

 

1.6 Thesis Organisation  
 

The current study is organised as follows:  

 

Following the Introduction in Chapter 1:, Chapter 2: provides a comprehensive literature 

review on the current status of SOFC and VARS technologies for automotive applications. It 

also highlights available opportunities to integrate VARS with the SOFC exhaust. This chapter 

also covers various simulation methodologies in developing a mathematical model of the 

SOFC and VARS systems. This will provide the reader with a clear understanding of progress 

that has been done in the field and technical challenges involved.  

 

Chapter 3: outlines the research methodology adopted. All detail on laboratory setup is 

presented in this chapter. A detailed methodology to build the steady state and transient 

simulation of the combined system is presented here. The governing equations and modelling 

assumptions are discussed in this chapter. 

 

Chapter 4: highlights the experimental approach and results from the experiments carried out 

on the laboratory setup.   The absorption refrigeration system experimental data was used to 

validate the transient model of the VARS.  
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Chapter 5: offers a detailed study of the steady state operation of the combined system. First, 

the cooling load requirement of refrigerated truck is identified. This information serves as an 

input to characterise the VARS steady state performance. These inputs are fed to the SOFC 

steady state model. SOFC model data has been validated with literature studies. A detailed 

simulation is carried to characterise SOFC system for different types of refrigerated trucks and 

applications. 

 

Chapter 6:  describes the transient response of the combined system in different operational 

phases. The system is subjected to load following conditions in this chapter. This chapter also 

addresses crucial research questions (questions 5 to 7) that have been considered in the study, 

including SOFC heat-up, start-up, and cool-down transient characteristics.  

 

Chapter 7: summarises important findings/conclusions from the current study, including an 

outlook on future research work.
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Chapter 2: State of the Art and Literature Review 

 

 

 

A detailed literature survey relating to the thesis topic is presented in the current chapter. A 

brief introduction on reforming concept in SOFCs is represented.  The current literature review 

focuses on highlighting activities carried out with SOFC system and absorption refrigeration 

system for automotive transportation. The importance of modelling and why modelling from 

scratch is required to simulate the system behaviour for such a concept is also included. The 

focus of the literature survey then presents different modelling methodologies to simulate the 

performance of both systems (SOFC and VARS).  In addition, the main challenges and 

opportunities are outlined for SOFC integrated absorption systems for automotive 

transportation application. 

 

Note: Certain sections of this chapter was published in Thermal Science and Engineering 

Progress 2020;Volume 18:100550. DOI: 10.1016/j.tsep.2020.100550 [24].  
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2.1 Reforming in SOFC  
 

It is essential to understand the different reforming concept with hydrocarbon fuelled SOFC 

system. The SOFC system layout and performance greatly depends upon the type of reforming 

being considered. Hence, a brief introduction is provided in this chapter on different reforming 

concept with SOFCs. Reforming is the extensively used chemical process to convert 

hydrocarbon fuels into a hydrogen-rich synthetic gas mixture, often known as syngas, by 

several methods such as Steam Reforming (SR), Partial Oxidation (POX), and Auto Thermal 

Reforming (ATR) [25]. All three processes are briefly explained in the following section.   

 

2.1.1 Steam reforming 
 

The endothermic steam reforming reaction between steam and a hydrocarbon produces a 

hydrogen-rich syngas in the following chemical equilibrium reaction: .  

CnHm + nH2O ↔ (n +
m

2
)H2 + nCO 

 

2.1 

In the case of methane, the fuel reacts with steam to produce hydrogen and carbon monoxide, 

known as steam methane reforming (SMR):  

    CH4 + H2O ↔ CO + 3H2       ΔHSMR
0 =206.1 kJ/mol 2.2 

ΔH0 represents the standard enthalpy of reaction. A positive sign indicates energy being 

consumed and negative sign indicates energy being released [26].  

 

Additionally, Carbon monoxide reacts with steam to produce hydrogen, known as the water 

gas shift reaction (WGS), an exothermic reaction:  
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CO + H2O ↔ CO2 + H2          ΔHWGS
0 = −41.1 kJ/mol 

 

2.3 

In the presence of a nickel catalyst, the temperature required to initiate the SR reaction is 

between 500 and 600ºC as shown in Figure 2-1 [27]. The effect of reforming temperature on 

the equilibrium hydrogen yield is shown in Figure 2-1. The equilibrium hydrogen yield 

increases with the reforming temperature. The maximum hydrogen yield can be achieved at 

800 ºC as shown in Figure 2-1.  

 

Figure 2-1 : Effect of reforming temperature on the equilibrium hydrogen yield [10]. 

 

In an SOFC system two different SR configurations are possible, external reforming and 

internal reforming. Further, internal reforming can be divided into Indirect Internal Reforming 

(IIR) and direct internal reforming (DIR). These SR configurations are depicted in Figure 2-2. 

The external reformer configuration requires a separate dedicated reformer that needs an 

external heat source to power the endothermic SMR. The internal reforming concept utilises 

the heat released due to the fuel and CO oxidation reaction inside the SOFC. The internal 

reforming concept does not require an external reformer, IIR physically separates the 
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electrochemical response of the reforming process. The required heat to activate SMR is 

provided using direct physical contact between the SOFC structure and the reforming unit [10]. 

In DIR, the inlet hydrocarbon fuel reforming process occurs on the nickel-based anode surface. 

An endothermic SMR absorbs the heat released by electrochemical reaction inside the SOFC 

stack, thus acting as a heat sink which reduces the cooling air required to maintain the stack 

temperature, hence it also reduces the air blower power of the SOFC system, which improves 

the overall efficiency of the SOFC system. It was determined that the DIR concept with SOFC 

required 50% less cooling air, which improved system efficiency by 8.5% compared to external 

reforming [10].  

 

Figure 2-2 : Different SR configurations [10].  

 

Carbon deposition is one of the major concerns associated with SMR. Avoiding carbon 

deposition on the porous catalyst layer is required as it deactivates the catalyst [25]. Carbon 

deposition can be avoided by increasing the steam-to-carbon (SC) ratio of the inlet fuel. The 

effect of the SC ratio on the equilibrium hydrogen yield is depicted in Figure 2-3. Hydrogen 

content decreases with the SC ratio, which is not a favourable condition for the SOFC. Hence, 

an optimal SC ratio must be selected to match the trade-off between carbon deposition and the 
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equilibrium hydrogen concentration in the gas stream. For SOFC systems with DIR, the SC 

ratio is generally kept above 2 to avoid carbon deposition [25].  

 

Figure 2-3 : Effect of SC ratio on equilibrium hydrogen yield [10].  

 

2.1.2 Partial oxidation  
 

Partial oxidation is a simple reforming process which relies on the oxidation of hydrocarbon 

fuel with sub-stochiometric oxygen. Partial oxidation is an exothermic process shown by 

eqn.2.4. Oxygen is supplied to the POX reformer, which produces a carbon monoxide and 

hydrogen mixture:  

CH4 +
1

2
O2 ↔ CO + 2H2  ΔHPOX

0 = −36kJ/ mol 2.4 

 

The operating temperature of POX reformers differs widely. In the absence of a catalyst, the 

operating temperature of POX varies between 1100 to 1500ºC. These high temperatures require 

unique materials and remarkable system preheating. Using a Ni/Al2O3 catalyst (catalyst POX 

- CPOX) can significantly reduce the operating temperature to as low as 550 to 600 ºC  [28]. 



➢ State of the Art and Literature Review 

20 

 

The required oxygen is supplied via air, which further dilutes the hydrogen fraction by the 

amount of nitrogen in the air, which results in a reduction of the SOFC voltage. CPOX yields 

less hydrogen per mole of methane (or hydrocarbon fuel) than SMR. However, CPOX 

reformers are simple and compact, and do not require a steam generator and heat exchangers, 

making the SOFC system more compact. 

 

2.1.3 Autothermal reforming  
 

Autothermal reforming is a hybrid concept that combines SR and CPOX. Methane (or in 

general: hydrocarbon fuel) is partially oxidised with air, and heat released due to the exothermic 

reaction of CPOX is utilised to supply energy to the endothermic SMR reaction. ATR does not 

need any additional heat source to power the chemical reaction, but it still requires a steam 

generator. The operating temperature of ATR is lower than with CPOX and higher than with 

SMR. ATR offers a higher hydrogen mole fraction and higher efficiency compared to CPOX. 

  

2.1.4 Important findings 
 

Overall, SMR has several advantages over CPOX and ATR, such as high fuel conversion 

efficiency (80 % to 95 %) and avoiding the diluting effect of nitrogen on the hydrogen mole 

fraction. In addition, SMW with DIR concept offers several advantages for the SOFC system, 

which are as follows:    

 

Electrical efficiency: DIR minimises the requirement of cooling air, reducing the power 

required to operate the air blower (parasitic losses). It allows SOFC operation at higher fuel 

utilisation as high burner temperatures are not required to power an external reformer for 

conversion of the inlet hydrocarbon fuel [29]. 
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Thermal Efficiency: An external reformer is one of the significant sources of heat loss from 

the SOFC system due to higher surface temperature. Eliminating the external reformer leads to 

reduced heat losses from the SOFC system, thus allowing more opportunity to recover the 

waste heat from the SOFC. DIR is preferred for SOFC-powered co-generation (combined 

cooling, heating and power generation) applications  [29].  

Cost: DIR potentially reduces the cost of the SOFC system as it does not require an external 

reformer and associated extensive insulation. DIR requires lower airflow, meaning the Balance 

of Plant (BOP) components, such as air pre-heater, can be reduced in size, thus reducing cost 

and volume. 

Power density: Due to fewer and more compact BoP components involved in the system, DIR 

also improves the volumetric density of the SOFC system. 

Faster transient response: Larger size and thermal mass of an external reformer result in a 

slower transient response of the SOFC to load following conditions. However, a faster transient 

response is predicted with DIR due to the proximity of electrochemical and reforming 

processes and the reduced thermal mass of the system [30].  

Therefore, DIR offers benefits over external reforming for the efficient performance of the 

SOFC system. DIR also makes the SOFC system compact, which is favourable for automobile 

applications due to space constraints.  

 

2.2 Experience of SOFC for Transportation Application  
 

Several research and industrial projects have been carried out in the last two decades to 

demonstrate SOFC systems as an APU for heavy-duty vehicles. The most remarkable projects 

are briefly discussed in this section.  

 



➢ State of the Art and Literature Review 

22 

 

The US National Energy Technology Laboratory and Pacific Northwest National Lab carried 

out a project in the year 2000 to develop a 5 kW SOFC stack for military and heavy-duty trucks 

powered by petrol [31]. The developed SOFC stack obtained 420 mW/cm2 power density at 

0.7 V cell voltage at 750°C. The project's ultimate aim was to significantly reduce the usage of 

petrol fuel by utilising the power produced by the SOFC stack to reduce engine idling and the 

residual heat available from the SOFC for heating the vehicle cabin [31]. Figure 2-4 shows the 

SOFC APU developed, which had a volume of 50 litres. The APU contained two SOFC stacks 

connected in series and ancillary components such as a reformer, cathode heat exchanger and 

afterburner. The authors found that the start-up time of this APU was about an hour to reach 

the operating temperature of the stack, which is not favourable for automobile applications. 

The authors concluded that the required compactness of the SOFC APU was achieved, however 

rapid start-up remained a critical challenge that needed to be addressed.   

 

Figure 2-4 : SOFC APU system developed by Delphi and BMW with 50 litres volume.  

 

Lawrence and Boltze [32] carried out a similar study with H.C. Starck GmbH and Fraunhofer 

IKTS in which a 1 kW SOFC APU consisting of 30 cells and a partial catalytic oxidation 

(CPOX) diesel reformer for military vehicles and trucks was developed, as shown in Figure 

2-5. The authors chose the CPOX reformer technology to eliminate the requirement of water 
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supply onboard, which is required for steam methane reforming (SMR). The APU was able to 

deliver electric power after 3 hours of warm-up phase. It was found that the SOFC APU showed 

30% electrical efficiency, which was found to be better compared to conventional engine 

driven APUs. If the residual heat from the SOFC APU was recovered and utilised, the 

combined efficiency could reach up to 60 %. The developed SOFC APU successfully 

demonstrated vital properties such as; thermal self-sustainability, ability to tolerate dynamic 

behaviour of a vehicle drive profile and sudden shut-down process and start-up without external 

electrical heating.  

 

 

Delphi Automotive demonstrated a 3.5 kW of SOFC APU on the Hybrid Truck user forum, 

USA, in 2010 as shown in Figure 2-6 [33,34]. The primary function of the SOFC-APU was to 

deliver power to the cab air conditioner, refrigerator, and other auxiliary components of the 

truck. The SOFC APU could operate on natural gas, diesel, or propane. Delphi Automotive 

claimed that the developed SOFC APU achieved 50% higher efficiency than conventional 

 

 (a) Developed SOFC APU  

 

(b) Internal components of SOFC-APU  

 Figure 2-5 : 1  kW SOFC APU with CPOX reformer developed by Webasto [32].  
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diesel-driven APU. The report highlighted that the SOFC APU offers an advantage in reducing 

truck emissions and fuel usage. It was recommended to utilise waste heat from SOFC system 

into a liquid coolant loop in the vehicle for cabin heat, and truck oil heating in cold climate.  

 

  

Figure 2-6 : 3.5 kW SOFC APU developed by Delphi automotive system [34]. 

 

In 2012, the DESTA project demonstrated the first European SOFC APU on a heavy-duty truck 

funded by the European Union Fuel Cells and Hydrogen Joint Undertaking (FCH JU) shown 

in Figure 2-7 [35]. The critical functions of the APU included supplying electrical power to the 

auxiliary components of the truck, such as; air conditioning, refrigerator, and television during 

the vehicle idling. The APU produced 10 kW of thermal power, which could be utilised for 

waste heat recovery. This SOFC APU provided 35% net electrical efficiency. The total volume 

and weight of the SOFC APU were 75 L and 60 kg, respectively. The APU system was able to 

convert conventional diesel fuel to a syngas mixture utilised by the SOFC stack. It was 

concluded that the SOFC APU consumed 75% less fuel compared to conventional diesel driven 

units. The SOFC APU emitted 73% less CO2 emissions compared to conventional diesel APU 

during engine idling. In addition, it did not have environmentally harmful emissions such as 

NOx, PM2.5 and PM10.   
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Kendall et al. [36]  carried out a research project called SAFARI (SOFC APU for Auxiliary 

Road-Truck Installations, FCH JU funded) in which a micro-tubular SOFC APU operated with 

liquid natural gas was developed for truck applications, as shown in Figure 2-8. A 16-tube 

micro SOFC stack was developed to generate 100 W of electric power and 600 W of heat, 

which could be used to heat or cool the cabin. It was concluded that the innovative concept of 

micro-tubular SOFC APUs for trucks was feasible and can be developed for real-world 

application. Unfortunately, the project was terminated before it delivered any results. 

  

 

Figure 2-8 : SOFC APU developed in SAFARI project [36].  

 

 

(a) Demonstrated truck 

 

(b) Demonstrated APU 

 Figure 2-7 : SOFC APU developed in DESTA project [35].  
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Apart from the application of SOFC as an APU, the Japanese automaker; Nissan demonstrated 

a 5 kW SOFC stack powered by bioethanol as a range extender, as depicted in Figure 2-9 for 

battery-operated vehicles in Brazil [37]. This technology offers an opportunity for 

environmentally friendly transportation and regional energy generation. In Brazil, bioethanol 

is readily available without the need to establish new infrastructure. Bioethanol fuel is also safe 

to handle compared to other fuels.  

 

 

Figure 2-9 : Concept of e-Bio SOFC APU developed by Nissan [38].  

 

Benveniste et al [39] investigated the environmental impacts of SOFC-APU fuelled by 

liquefied propane gas (LPG), which were developed to deliver power to recreational vehicles. 

The authors evaluated the system using a life cycle assessment following the ISO 14040-44 

standard to assess the environmental impacts from the system manufacturing to system 

decommissioning. This study concluded that employing SOFC APU reduced the primary 

energy demand by 80% and global warming potential (GWP) output by 45% compared to 

conventional diesel-powered APUs. It was noted that a diesel-powered APU emits 555 kg of 
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CO2 eq., while an LPG powered SOFC APU emits 300 kg of CO2 eq. Hence, a significant 

amount of CO2 emissions can be reduced with SOFC APU.  

 

Ballard et al. [40] developed natural gas/hydrogen fuelled 1 kW, 5 kW, 10 kW and 10’s of kW 

SOFC systems for transportation and stationary applications. They developed compact 5 kW 

and 10 kW SOFC systems to obtain high power outputs with improved efficiency, as shown in 

Figure 2-10. A 10 kW SOFC system used two SOFC stacks of 5 kW at the bottom of the unit, 

as shown in Figure 2-10 (b). The overall volume of the unit was 1.4 m3 (with dimensions of 

0.6 m × 1.25 m × 1.90 m). The net electrical efficiency of up to 60% was achieved in a 5 kW 

SOFC system fuelled with natural gas, with the potential to further improve performance. This 

study also demonstrated the concept model for a 30 kW SOFC system as a range extender for 

electric buses. A 30 kW SOFC system consists of six modules of 5 kW SOFC stacks. This 

technology proved to have several prerequisites required for transportation applications, such 

as its robust nature (ability to deal with the vibration of the vehicle), a rapid start-up from 

ambient temperatures, and compactness. Leah et al.  [29] demonstrated the feasibility of a 5 

kW with this SOFC technology operating with complete internal reforming of methane. It was 

concluded that future SOFC technology could be demonstrated without an external reformer 

which also reduces the size and cost of the system. Direct internal reforming also facilitates 

SOFC systems with high electrical efficiency (>65%), making SOFC technology a favourable 

alternative to conventional combustion engines for road transportation applications.   



➢ State of the Art and Literature Review 

28 

 

 
(a) 5kW SOFC stack 

 
(b) 10kW SOFC system 

Figure 2-10 : SOFC stacks developed by Ballard et al. [40]. 

 

Udomsilp et al. [41] developed a metal supported SOFC with an exceptionally high power and 

current density of up to 2 W/cm2 and 2.8 A/cm2, respectively. The primary focus of the research 

was to develop an SOFC as a range extender for battery electric vehicles. The metal supported 

SOFC demonstrated rapid start-up time, mechanical robustness and acceptable manufacturing 

cost, which are favourable characteristics for the automobile application. The authors 

concluded that the concept of SOFC as a range extender for electric vehicles lowered the 

weight, size and cost of the battery with fast refuelling and an improved driving range.  

 

Pirou et al. [42] presented a metal based monolithic SOFC stack design for automotive 

transportation applications to achieve high volumetric power density and specific power. An 

initial SOFC testing revealed that the monolithic design could achieve a volumetric power 

density of 5.6 kW/litre at a current density of 0.6 A/cm2 . The authors concluded that the 

monolithic SOFCs could be manufactured with cost-effective and scalable manufacturing 
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processes. Hence, metal based monolithic SOFC stacks could provide the next generation 

advanced SOFC systems with efficient performance.  

 

Ample projects and research studies have been carried out to support the possible application 

of SOFCs for automobile applications. All the projects and studies considered SOFCs as an 

APU or range extender. However, there has yet to be evidence of commercial/research projects 

considered complete SOFC-driven vehicles. All the projects were focused on the hybridisation 

of SOFC with a combustion engine, or electric battery system as a main power source. A 

summary of the project work focused on SOFC APU is reported in Table 2-1.  

 

Table 2-1 : Summary of SOFC projects for automotive transportation application. 

Project Lead/ Funding Body Year Logistic fuel Application References 

Pacific Northwest National Lab 

& US National Energy 

Technology Laboratory 

2000 Diesel Military Vehicles and 

Trucks [43] 

H.C. Starck GmbH and 

Fraunhofer IKTS   

2005 Diesel Trucks and Cars 
[32] 

Delphi automotive   2010 Diesel, natural 

gas, or propane 

Trucks 
[33] 

Fuel Cells and Hydrogen Joint 

Undertaking 

2016 Diesel Heavy duty trucks 
[35] 

Adelan Ltd 2016 Natural Gas Heavy duty trucks [36] 

Nissan 2016 Ethanol Range extender for 

battery operated 

vehicle 

[37] 

Ceres Power 2019 Natural Gas Range extender for 

electric passenger 

buses 

[40]  

Plansee SE and AVL 2020 Hydrogen Range extender for 

electric passenger 

buses 

[41] 

Lawrence Berkeley National 

Laboratory and Nissan 

2020 Ethanol Automobile 
[44] 
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Most projects demonstrated in the past decades considered diesel as a logistic fuel for SOFC-

APU applications. This concept proved to be complicated due to the possibility of sulphur 

accumulation and poisoning of the anode of the SOFC stack. Also, the use of diesel does not 

help reduce GHG emissions, as diesel production-related emissions are as high as 0.926 

kgCO2e / litre [3]. There has been significant development in the area of natural gas fuelled 

SOFC systems during the past decade. Recently the focus has shifted to using natural 

gas/methane as the logistic fuel for SOFC transportation applications, as mentioned in the 

studies carried out by Ballard et al. [40], Leah et al. [29] and Kendall et al. [36]. The overall 

efficiency of the SOFC APU system can be further enhanced if waste heat is utilised for heating 

or cooling, as described by Lawrence and Boltze  [32] and Kendall et al. [36]. Unfortunately, 

publications reporting on a methane/hydrocarbon fuelled SOFC integrated combined cooling 

and power concept for automotive transportation are scarce. Hence, it is worth exploring the 

possible application of SOFC-powered co-generation (power and cooling) for refrigerated 

automotive carriers.   

 

For the successful commercialisation of the NH3-H2O VARS for automotive applications, 

developing a more compact small-scale unit that can be housed within the available packaging 

volume on the different types of vehicles is essential. Hence, it will be useful to present work 

on compact absorption technology, experience of VARS with automotive transportation, and 

integration of a refrigeration system with a fuel cell for truck refrigeration units (TRUs). 

Therefore, studies focused on demonstrating these applications are summarised in the 

following section.   
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2.3 Experience with Compact Absorption Technology 
 

Determan and Garimella [45] demonstrated the first-ever microscale monolithic NH3-H2O 

absorption refrigeration system for miniaturised and mobile applications. The plan was 

designed to obtain a 300 W nominal cooling capacity with an overall volume of 0.0013 m3 

(with dimensions of 0.20 m × 0.20 m × 0.034 m) and 7 kg of mass, as shown in Figure 2-11.  

 

Figure 2-11 : Microscale monolithic NH3-H2O absorption chiller by Determan and Garimella 

[45]. 

 

Thin metal sheets with headers and fluid channels were bonded to fabricate the monolithic 

absorption heat pump. It significantly reduced the possibility of leakage of the working fluid, 

which is necessary while working with ammonia refrigerant. The system was designed to 

deliver chilled water at 7ºC. A coefficient of performance (COP) was achieved between 0.25 

and 0.43 under the variation of heat input to the system from 500 W to 800 W, respectively. 

The cooling-to-mass ratio of this compact VARS was found to be between 85 and 120 W/kg. 

The developed microscale monolithic NH3-H2O VARS technology could be easily scaled-up 

to achieve a cooling capacity of up to 10 kW through minor changes in the component 

geometry. The modular nature of these units facilitated the operation of these units with a wide 
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range of source temperatures to achieve a wide range of refrigeration temperatures and loads. 

The authors concluded that applications such as cogeneration systems (combined 

heating/cooling power), automotive, marine and refrigerated transportation could benefit from 

the developed monolithic microscale NH3-H2O absorption system. 

 

In a next step, monolithic microchannel technology demonstrated by Determan and 

Garimella[45] shown in Figure 2-11 was scaled up to 7 kW by Staedter and Garimella [46] for 

residential applications to deliver chilled water at the temperature of 7.9ºC as shown in Figure 

2-12.  

 

 

 

Figure 2-12 : Compact NH3-H2O VARS developed by Staedter and Garimella [46].  

 

Microchannel heat and mass exchangers were integrated with monolithic blocks to form the 

core of the absorption chiller. Desorber, evaporator, condenser and evaporator microchannel 

heat exchangers were coupled with hydronic coupling fluids to make the system highly 

compact. Heat exchanger coupling with hydronic fluid reduces the working fluid volume to a 

great extent, which also reduces the refrigerant charge in the system. Therefore, an air heat 
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exchanger (i.e., radiator) was incorporated in the system as the heat sink for the combined 

absorber and condenser in an amalgamation with a hydronic coupling fluid circuit. The 

absorption chiller was powered by Paratherm™ heat transfer fluid coupled with a natural gas 

combustion module. The system achieved a COP of 0.51. The overall volume of the developed 

unit was 0.28 m3 (with dimensions of 0.66 m × 0.66 m × 0.66 m). Thus, this system delivered 

cooling power with approximately 25 kW/m3 of volumetric cooling density. 

 

Du et al. [47] developed an engine exhaust coupled NH3-H2O absorption chiller for freezing 

application, as shown in Figure 2-13. The whole system was divided into two sub-divisions: 

the separation unit and the combined absorption-condensation unit. The condenser and 

absorber were assembled in a single unit and cooled with water. Heat exchangers with a large 

specific area and small diameter tubes were employed to make the system compact. The 

evaporator was coupled with ethylene glycol aqueous solution (acting as a secondary 

refrigerant with 45% mass fraction). Particular attention was given to maximising the internal 

heat recovery in the system to improve the COP. The system had an overall volume footprint 

of 0.57 m3. The system achieved 33.8 kW of refrigeration capacity with 0.53 of COP under the 

input temperature conditions of cooling water 26.1ºC, evaporation temperature -19ºC, 

secondary refrigerant -15.2ºC, and engine exhaust temperature 567ºC. Therefore, these results 

from the developed prototype proved the feasibility of the compact and efficient absorption 

refrigeration cycle for freezing applications.  
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Figure 2-13 : NH3-H2O absorption chiller prototype  developed by Du et al[47]. 

 

In light of the studies mentioned above, it seems feasible to develop a compact, efficient and 

reliable NH3-H2O absorption chiller to support the thermally activated absorption refrigeration 

system in replacing the conventional compression systems for refrigerated transportation. 

Internal heat recovery and microchannel heat exchangers are critical strategies for successfully 

implementing heat-driven absorption chillers.  

 

A brief review of the absorption refrigeration technology development for transport 

applications is presented in the following section to provide a holistic view of the topic. 

 

2.4 Experience of VARS for Automobile Application 
 

Many researchers have explored the idea of implementing VARS for automobile air 

conditioning and refrigeration applications [48–56]. In all reported studies, VARS was coupled 

with the vehicle engine exhaust. The exhaust from the typical diesel engine is in the temperature 
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range of 250 to 490 C temperature [57] which is suitable to drive VARS. Venkataraman et al. 

[24]  conducted a comprehensive literature review on engine exhaust-coupled VARS. As a 

detailed literature search has therefore already been performed on the engine exhaust coupled 

VARS, only the conclusion is mentioned here to avoid repetition. It was noted that heat 

captured from the engine exhaust is sufficient to obtain the required refrigeration load when 

the vehicle operates within a specific RPM range. During idling, however, the exhaust heat is 

insufficient to supply the cooling load. Also, the engine performance is greatly influenced by 

the back pressure generated due to the coupling of the engine exhaust to the VARS, an issue 

that needs to be considered. Another problem is the corrosion effect caused by the hydrocarbon 

and NOx present in the exhaust gas. It was concluded that flat terrain or long-distance highway 

transport is the most suitable for VARS as the engine runs on continuous RPM. In city driving, 

the engine needs to often idle. Therefore, heat delivered by the engine exhaust varies and is 

often insufficient. Therefore, engine exhaust coupled VARS without an auxiliary burner and 

control mechanism are unreliable and challenging [27].  

 

Hence, it is worth exploring alternate configurations to replace TRUs on conventional diesel 

engine-powered trucks. Therefore, the following section briefly explains literature focusing on 

integrating fuel cells with absorption or compression refrigeration technology. 

 

2.4.1 VARS with SOFC for transportation application 
 

As per the author's best knowledge, there is a scarcity of available sources reporting the 

application of fuel cells for refrigerated transportation. The available research studies and 

projects on the application of fuel cells for TRUs are discussed in the following. 
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Venkataraman et al. [22,58] conducted a detailed simulation for hydrogen-fuelled SOFC-

coupled NH3-H2O VARS for refrigerated truck transportation. This study demonstrated a 

simulated study of the concept of SOFC powered VARS. It was observed that the performance 

of the combined system of SOFC-VARS greatly depended upon the operating conditions along 

the polarisation curve (I-V) of the SOFC. The authors found that the available thermal energy 

from the stack could be increased by operating the stack at a higher current density. Therefore, 

the operating condition for the SOFC-VARS configuration should be selected to balance 

electrical power and thermal power generated from the stack. The authors carried out a 

simulation to determine SOFC stack size to supply for the refrigeration load of different 

refrigerated vehicles at different refrigeration temperatures, as shown in Figure 2-14. Initial 

results depicted by the authors suggested that the novel system promised 80% combined 

efficiency. However, the study assumed coupling the SOFC cathode exhaust to the VARS via 

a heat recovery exchanger without considering preheating the SOFC reactants, which is 

necessary for the SOFC operation. 

 

 

Figure 2-14 : SOFC stack size for different truck size [22]. 
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Amakiri [59] demonstrated a small-scale NH3-H2O absorption refrigeration prototype coupled 

with simulated SOFC exhaust for refrigerated transportation applications. The prototype was 

equipped with an electric heater to simulate the SOFC exhaust. An internally finned tube-in-

tube heat exchanger with thermal oil was used to couple the absorption system with an SOFC 

exhaust. The hot air flow rate and temperature were kept at 24 L/s and 600ºC to heat the 16 g/s 

of thermal oil flow rate to 200ºC. It was determined that 1.84 kW of heat was recovered from 

5 kW of hydrogen fuelled SOFC exhaust. The recovered heat was able to cater for the 1 kW of 

refrigeration load at 4ºC of evaporator temperature with 0.52 COP. The study's main aim was 

to identify the feasibility of coupling an SOFC exhaust flow to a VARS and the minimum 

evaporator temperature that could be achieved, hence not much attention was paid to 

optimising the system operating conditions.   The primary focus was on the system-level 

modelling of the absorption system side, and no information on the SOFC system was provided 

in the study.  

 

Hauth et al [60] demonstrated a 5 kW NH3-H2O  absorption chiller integrated with  6 kW SOFC 

system for a maritime transport application, as shown in Figure 2-15. The high temperature (> 

200°C) SOFC exhaust was directly used to drive the heat operated absorption chiller. Diesel 

was used as a fuel to power the SOFC-coupled system. The SOFC stack was operated at 0.27 

A/cm2 current density and 75% fuel utilisation. The SOFC system demonstrated 60% net 

electrical efficiency. If the VARS was to be operated by the SOFC exhaust only, it would need 

at least a 19 kW SOFC system, hence remaining heat load was provided by an additional 

amount of fuel in the burner. 11 kW of diesel burner was equipped to the system to deliver the 

necessary amount of heat during the heat-up phase of the SOFC system. The absorption system 

produced 5 kW of cooling at an ambient temperature below 30°C. The authors found electric 

power to cooling capacity ratios for cooling application (6°C) of 5.6, sub-zero application (-
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29°C) of 36, and air conditioning application (15°C) of 3.8. The SOFC system generated 320 

gCO2/kW, considerably lower than combustion engine-driven generators and compression 

refrigeration systems (600 gCO2/kW). It was found that the SOFC exhaust cooled down to 

79°C by the effect of the absorption chiller. An additional 1.3 kW of heat was recovered by 

cooling down the SOFC exhaust from 79°C to 40°C.  The system showed overall 90% 

efficiency including the cooling and heating effect from its exhaust.  

 

 

Figure 2-15 : SOFC powered absorption chiller for a maritime transport application [60].  

 

In the past decade, only few projects have yet to be carried out concerning fuel cell coupled 

refrigeration systems. Recent developments in fuel cells and compact VARS support the 

consideration of absorption refrigeration technology for automotive transportation. However, 

this concept is still novel and requires critical insights, which the system-level transient 

simulation should supplement before the prototype development of the system. 
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SOFCs for applications in combined cooling and power generation for automotive 

transportation is in its infancy, forcing the designer to start from scratch to explore all the 

possible design configurations to satisfy the requirements of refrigerated transportation 

application, SOFC and VARS system likely to encounter load following conditions through all 

operating modes. Hence, knowledge of the transient characteristics plays a significant role in 

determining the need for any auxiliary storage device, such as a battery, in dealing with load 

following conditions. The design and modelling of an SOFC-powered VARS system require 

multidisciplinary knowledge across various disciplines, including electrochemistry, chemical 

engineering, electrical engineering, thermodynamics, and refrigeration. In an SOFC-VARS 

combined system, the SOFC is a prime mover to run the system. Therefore, successfully 

demonstrating an SOFC powered VARS concept requires the optimised selection of operating 

conditions of the SOFC system such as current density, working temperature, and fuel 

utilisation. Analysing the transient characteristics of the combined system also helps to 

understand the system capability to load following conditions.  Therefore, the technical 

literature review in the upcoming section is primarily focused on the modelling methodology 

of both systems (SOFC and VARS).   

 

2.5 SOFC Modelling  
 

Mathematical modelling is the first and essential step in designing power generation systems. 

The complexity involved in SOFC modelling can be explained based on electrochemical 

reactions, ion conduction, electric conduction and heat transfer simultaneously taking place 

within the SOFC control volume [61]. Complexity increases even further with DIR SOFCs due 

to SMR and WGS chemical reactions and electrochemical reactions within the SOFC when 

powered by hydrocarbon fuels.  
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The mathematical model of any power generation system can be divided into steady state and 

transient state models from the perspective of whether the system dynamics are considered or 

not. The range of these models can vary from zero-dimensional (0D) to three-dimensional (3D) 

depending upon the spatial aspect that has been considered in the modelling. The 3D and two-

dimensional (2D) modelling approaches are physical models which consider detailed heat and 

mass transfer phenomena within the fuel cell control volume [62]. Various electrochemical 

parameters, material properties, geometrical parameters and other cell structure details are 

required for higher dimensional models (3D and 2D), which may not always be accessible. On 

the contrary, 0D and one-dimensional (1D) are low-dimensional modelling approaches that 

require significantly less information. Research objectives and aims determine the complexity 

and dimension of the model. 3D and 2D models are aimed at cell or stack design 

development/modifications, while 0D and 1D are used for system-level analysis and control 

strategy development of the SOFC system [63].  

 

High-dimensional physical models (3D and 2D) models are able to provide a detailed profile 

of temperature, pressure, and species concentration which have great significance to understand 

the operation of SOFCs [62]. The development of high-dimensional models begins with a set 

of partial differential equations (PDEs), which describe the space and time evolution of the 

system. These so-called PDEs are solved by computational fluid dynamics (CFD) simulation 

technology[64].  

 

1D models consider spatial variation only in one dimension. Generally, the spatial variable is 

considered either along the fuel flow direction or along the thickness direction of the cell 

assembly [62]. A typical 1D model divides the SOFC control volume into a number of 

interconnected discretised control segments. 1D models contain several sets of PDEs 
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(conservation equations of mass, energy and momentum). These can be solved with the finite 

difference method. The control and diagnostic simulation may for instance be performed with 

1D modelling to determine temperature gradient distribution within the SOFC control volume 

[16]. 

 

0D models are the most straightforward approach to perform the system-level analysis without 

considering spatial variations of the system parameters. Such models are applicable when the 

primary characteristics of the system are known, e.g., when a system prototype is available 

[16]. For 0D SOFC modelling, missing physical information is extracted from the higher-

dimensional physical models or experiments. Therefore, the 0D models incorporate data from 

experimental and empirical information. Mathematical equations in the 0D model are still 

based on energy and mass conservation between the inlet and outlet of the SOFC. The 0D 

models are characterised by a particular set of so-called ordinary differential equations (ODEs), 

which demonstrate the system's time evolution over a given period. The 0D SOFC models are 

frequently implemented when the fuel cell is viewed as a single component of a larger and 

integrated systems for evaluating system behaviour and performance where detailed physical 

and chemical parameter variations are not so relevant. However, system performance in energy 

output (power and heat) and energy (fuel) input requirements are still main areas of interest. It 

also prompts fast computation with reasonable accuracy of the model [63].  

 

In general, an SOFC model can be developed with three approaches: white, black and grey 

box. Physical high-dimensional (3D and 2D) models follow the white box approach, which 

requires primary data to solve well-established physical principle equations [65]. On the other 

hand, the black-box approach only requires a mathematical description of the process obtained 

from the experimental data. Therefore, the black box approach does not rely on physical 
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variables and does not need to solve ODEs or PDEs, considerably reducing computational time. 

The accuracy of the black box approach entirely depends upon the data being extracted from 

the experiments [65]. The Grey box approach falls between the white and black boxes. It 

exploits both the physical parameters and experimental data. The 0D or lumped models are an 

example of the grey box approach. 

 

Figure 2-16 depicts the impact of the modelling approach on the required experimental burden 

for the validation of the model. The white method requires few experimental data for the 

validation, while the black box approach needs a considerable amount of empirical data for 

identification and testing. Especially, SOFC manufacturing industries use high-dimensional 

physical models (white box approach) to improve SOFC geometries for efficient SOFC 

performance [25].    

 

 

Figure 2-16 : Impact of modelling approach on required experimental burden [16]. 
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As far as system-level analysis of SOFC is concerned, it is advisable to incorporate some 

reduced 0D/lumped-capacitance type SOFC models that can take key aspects of SOFC system 

operation into account and avoid having to solve highly complex models. This approach meets 

the trade-off between acceptable accuracy and reasonable computational time for the analysis 

of SOFC co-generation systems. Thus, reviewing research studies focused on high-dimensional 

physical models does not make sense. Therefore, research studies focused on 0D/lumped 

modelling approaches only are presented in the following section. 

 

2.5.1 SOFC stack/system modelling 
 

Marra et al. [66] developed a grey box modelling approach based on a 0D lumped transient 

model for an SOFC stack operating with direct internal reforming. The authors validated the 

steady state temperature profile with the experiments. Assumptions made in the study were as 

follows: (i) the pressure drop across the cell was neglected, (ii) negligible variation in gases 

sensible heat, (iii) methane was assumed to be wholly reformed inside the stack, and (iv) anode 

and cathode streams exit the fuel cell at the same temperature as the solid.  Non-adiabatic 

conditions with conduction, convection and radiation heat exchange mechanisms were applied 

for thermal transient modelling of the SOFC. Thermal performance of the SOFC was 

characterised by using the mass and energy conservation governing equation between the inlet 

and outlet of the stack. A mixed grey/black approach was adopted to model heat exchanges 

between the stack and its surroundings, where the temperature difference between the stack 

and furnace was extracted with the help of the black box approach. The results obtained from 

the modelling confirmed that the convection heat mechanism dominated the heat transfer inside 

the stack, thus allowing the opportunity to neglect the radiation and conduction heat transfer 

mechanisms. The adopted 0D model reproduced a similar stack outlet temperature profile from 

experimental results. Hence, the 0D modelling approach was proven effective and efficient to 
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characterise an SOFC under various operating conditions, and it could be further extended to 

formulate control strategies.    

 

Sorrentino et al. [67] demonstrated a hierarchical modelling approach to characterise transient 

and steady-state SOFC stack model for APU applications.  The first step in the approach was 

to develop a 1D steady-state model of the SOFC to determine an accurate spatial variation of 

SOFC performance parameters such as local current densities, temperature, and gas molar 

fraction along the direction of the flow channel. Adiabatic conditions were applied to cell 

boundaries, and only heat transfer due to mass flow was considered for heat exchange, thus 

neglecting the radiation and conduction heat transfer. This study only considered thermal 

dynamics, mass dynamics and electrochemistry dynamics assumed to be rapid. Later, outputs 

of the 1D steady-state model, such as voltage, were used in the 0D lumped modelling approach. 

The adiabatic conditions were assumed in building the 0D lumped transient SOFC model to 

determine thermal dynamics. The 0D model was found accurate to reproduce temperature and 

voltage dynamics with the data supplied by in the steady state 1D model. Finally, the authors 

concluded that the proposed hierarchical modelling approach could also be applied to BoP 

components and system level analysis.  

 

Saarinen et al. [68] developed a 0D dynamic model of a 5 kW SOFC-powered combined heat 

and power system. The authors used the area-specific resistance (ASR) approach to calculate 

SOFC stack voltage to avoid the complex physical information needed to calculate the SOFC 

electrochemistry model. It was found that the ASR approach allowed meeting the trade-off 

between accuracy in SOFC voltage calculation and the requirement of complex physical 

parameters for the 0D lumped model. This study considered complete conversion of methane 

inside the SOFC stack to avoid the complexity involved in calculating the reaction rate of SMR. 
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The radiative and convective heat transfer were considered to determine the heat exchange in 

the SOFC stack. The model developed by the authors is a typical example of the grey box 

approach, where conservation equations have been applied for thermal dynamics and 

experimental data used to determine ASR and voltage calculation. However, the authors did 

not detail the methodology for building the heat exchanger and air blower models.  A burner 

model was built by assuming complete conversion of combustible gases entering the burner. It 

was determined that the ASR model presented inaccuracy to predict SOFC performance in the 

simulated results outside the current and fuel utilisation range for which the ASR function had 

been formulated. However, the SOFC system always operates within a specific range of current 

and fuel utilisation. Therefore, the ASR model can provide sufficiently accurate results for 

standard operational conditions. It was concluded that the 0D SOFC model reproduced accurate 

validated results, and it was the preferred modelling approach for system level analysis.  

 

Sorrentino and Pianese [69]  implemented a 0D lumped transient model of an SOFC system 

for APU applications. The authors used the grey box approach. The SOFC voltage was 

determined by using the equation developed by Sorrentino et al. [67]. The adiabatic boundary 

conditions were assumed for the SOFC stack and BoP components with only heat transfer due 

to mass flows considered. A complete conversion of combustible gases was assumed for the 

burner modelling. The air blower model was quasi-static. A zero-heat capacity approach with 

constant heat transfer coefficient was adopted to model the heat exchangers. In this approach, 

the thermal capacitance of the solid heat exchanger (wall mass) was added to the hot fluid side. 

Thermal transients due to mass flows were considered, thus neglecting radiation and 

conduction heat transfer. The 0D lumped capacity model was demonstrated to outline the 

response of SOFC stack and heat exchangers to the load following conditions.  
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Gallo et al. [70] developed a versatile 0D lumped model for an SOFC system for system-level 

analysis. A transient 0D lumped approach was developed to model the thermal dynamics of 

the SOFC stack, heat exchangers and afterburner. This modelling approach considered only 

thermal dynamics, neglecting mass and electrochemistry dynamics. In addition, pressure loss 

in the components was also neglected. Energy and mass conservation equations were applied 

between the inlet and outlet of the SOFC stack, heat exchangers and afterburner control 

volume. The effectiveness of the heat exchanger was assumed to be independent of the fluid 

temperature and set to 0.85 for simplification of heat exchanger transient modelling. 

Afterburner modelling included an assumption of complete adiabatic oxidation of combustible 

gases from the SOFC stack. In this approach, methane was assumed to be completely reformed 

in the SOFC stack to overcome the need for a complex reaction kinetics model, which would 

have required detailed physical parameters of the stack. The authors considered all three heat 

transfer modes: conduction, convection and radiation to simulate heat exchanges in the SOFC 

stack. The authors also concluded that the assumption of adiabatic boundary conditions (no 

heat loss) with heat transfer due to mass flows was sufficient to model the SOFC transient 

behaviour while maintaining a trade-off between model accuracy and computational time. The 

ASR approach was adopted to compute the SOFC voltage and demonstrated accurate results 

of stack voltage. It was concluded that the ASR approach guaranteed the electrochemical model 

to be closer to actual SOFC stack behaviour. The 0D lumped modelling approach simulated 

accurate voltage and temperature profile results with a maximum relative error of 4% and 5% 

against experimental data in transient and steady-state conditions, respectively. Hence, the 0D 

lumped approach with ASR concept was found to be effective and efficient in predicting SOFC 

system behaviour.  
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Marra et al. [71] developed a 0D lumped transient model of a 10 kW SOFC system for APU 

and CHP applications. Different chemical reactions (SMR, WGS and hydrogen oxidation) 

taking place in the SOFC stack were assumed to be at equilibrium. Also, the stack was assumed 

adiabatic, and the pressure drop across the cell was neglected. Heat transfer was only 

considered due to mass flow, thus neglecting radiation, convection, and conduction heat 

transfer. The methodology to build BoP components was not presented explicitly. The results 

of the 0D lumped model were validated against the experimental data available from an SOFC 

stack prototype. The 0D model simulated accurate transient characteristics of the SOFC with a 

relative maximum error of less than 1 %.  

 

Wu and Chen [72] developed a 0D lumped transient model to theoretically simulate a methane 

fuelled SOFC system powered adsorption refrigeration system (combined cooling and power 

system). This 0D lumped model considered both mass and thermal dynamics, however 

electrochemistry dynamics were assumed rapid. The SMR reaction rate was determined with 

reaction kinetics first principles, however the WGS reaction was assumed at equilibrium. 

Temperature, pressure and gas species in the stack and BoP components were determined by 

applying energy and mass conservation equations and the ideal gas law between the inlet and 

outlet of the components. Adiabatic boundary conditions were applied to the SOFC stack, and 

heat transfer inside the SOFC by radiation, convection and conduction mechanisms was 

neglected. This study only considered heat transfer due to mass flow. The heat exchangers were 

resolved with constant heat transfer coefficient between hot and cold fluid. Pressure loss in the 

components was neglected. The authors validated the steady-state I-V curve with the 

experimental data with a maximum relative error of 5%.  
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Kang et al. [73] investigated the transient behaviour of a methane fuelled direct internal 

reforming SOFC stack with a 1D modelling approach. Spatial variations of SOFC parameters 

(temperature, gas species concentration, cell voltage and local current density) along the flow 

channel direction were determined in the modelling. The thermal and mass dynamics were 

considered in the modelling. Pressure loss was neglected in the SOFC stack. This model 

considered heat transfer due to convection, conduction and mass flow for the thermal transients, 

however, radiation heat transfer was neglected in the modelling. The WGS reaction was 

considered at equilibrium, and the SMR reaction rate was computed with a reaction kinetics 

equation. The International Energy Agency (IEA) benchmark test was used to validate the 

steady state results from the model, and model predictions were found to be quite close to the 

IEA benchmark test. The current density and cell voltage dynamics were found to be rapid, but 

the thermal dynamics were slow.  

 

Xi and Sun [74] formulated a 1D transient model for methane fuelled SOFC to represent the 

spatial variations of key performance parameters such as temperature, current density and gas 

species concentration. In the baseline 1D model, SOFC was divided into a number of 

interconnected discretised units along the fuel flow direction. The transient behaviour of the 

SOFC was determined by applying energy and mass conservation equations to each discretised 

control volume. Each discretisation control volume was simulated with three sub-models: mass 

balance, energy balance and electrochemical model. Heat transfer considered in the 1D model 

included conduction in the solid layer of SOFC and convection between fuel flowing in the 

channel and its surroundings. It was mentioned that a baseline model accuracy greatly relied 

upon the number of discretised control volumes. Modelling with a higher number of discretised 

control volumes depicts more accurate spatial variations of SOFC parameters. However, it also 

increased computational time substantially. It was found that thermal dynamics (stable 
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temperature) dominate the transient behaviour of the SOFC. Thus, it should be solved 

dynamically while mass conservation and electrochemical principle equations developed 

quasi-static. Mass dynamics were found to be rapid due to the high velocity of the fuel flow in 

flow channels. Hence, these dynamics achieved their steady states instantaneously (quasi-static 

relation). Therefore, authors have developed a low-order iterative modelling approach that 

solves mass and energy balance equations with a quasi-static approach. The low-order model 

adopted only stack temperature variation from 1D transient model, and remaining energy and 

mass balance equations were resolved with steady state approach.  It was concluded that the 

low-order modelling approach closely matches the transient 1D model and requires 50 % less 

computational time.  

 

Braun [10] presented a detailed steady state analysis to predict the performance of SOFC 

powered combined heat and power systems for small-scale stationary application. The SOFC 

stack was built with a 1D steady state approach, however BoP component modelling was based 

on a 0D steady state approach. This study was among the few examples in the literature that 

presented all required data and information to build SOFC system modelling. This study also 

described the detailed approach to build BoP components models. Convection, radiation and 

conduction heat transfer were considered to determine heat exchange discretised control 

volumes. The SMR reaction rate in the SOFC was computed using reaction kinetics, however, 

the WGS reaction was considered to be at equilibrium. Adiabatic conditions were applied to 

the SOFC stack. Air and fuel heat exchanges were modelled with constant effectiveness 

assumptions. The pressure loss was considered for each component in the study. The author 

mentioned the pressure drop at nominal design point, and the pressure loss in off-design 

operation was determined by establishing the relation of pressure loss with gas flow. The burner 

model assumed complete conversion of combustible gases. Air blower, fuel compressor and 
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water pump were simulated with constant isentropic efficiency, however the mechanical 

efficiency was varied according to component manufacturer data. The modelling results were 

compared with IEA benchmark results, where it was observed that the model reproduced 

results with great accuracy.  

 

Uva et al. [75] presented a transient model of an SOFC system for maritime applications. The 

authors developed a 1D transient model for the SOFC stack and 0D lumped transient model 

for BoP components. The SMR and WGS reaction kinetics were included in the SOFC 1D 

transient modelling. Convective and conduction heat transfer were considered in the 1D 

transient stack model, but radiation heat transfer was ignored in the model. Heat loss was 

considered for the stack modelling; however, it was neglected for BoP components modelling. 

The SOFC system blowers (air blower, recirculation blower) were modelled with constant 

isentropic and mechanical efficiency.  Air and fuel heat exchangers were modelled with a zero-

capacity approach and constant heat transfer coefficient assumption. This study applied 

adiabatic boundary conditions to the burner and assumed complete combustion of combustible 

gases entering the burner. The 1D SOFC stack model produced comparable results against 

experimental data, however the results from BoP components modelling were now validated 

with experimental results.  

 

Murshed et al. [76] built a 0D transient model for a methane fuelled SOFC system. The 0D 

transient model was based on energy and mass conservation equations and electrochemical 

principles. Mass and thermal dynamics were considered in developing a 0D transient model. 

Adiabatic conditions were assumed in building the SOFC system model. Two different types 

of 0D models namely: a lumped model and a detailed model were developed for the SOFC 

stack. The lumped model considered uniform temperature distribution for the entire stack. The 
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detailed model considered different temperatures for fuel electrode, air electrode, 

interconnector, air and fuel side gases. The lumped model did not take convection, conduction 

and radiation heat transfer into account; however, the detailed model considered all heat 

transfer modes to evaluate heat exchange. The BoP components were modelled with only the 

0D lumped approach. The transient model of heat exchangers considered a constant heat 

transfer coefficient. It was found that at lower current loads, electrodes and electrolyte 

temperatures did not differ much, thus assuming uniform temperature distribution throughout 

the stack was a legit assumption. However, at higher current loads and higher operation 

temperature, stack component temperatures differed in magnitude, hence the uniform 

temperature distribution assumption may not be valid. Hence, a detailed model must be 

incorporated to simulate the SOFC system at higher current load at elevated temperature.  It 

should be noted that both models depicted significant variation in the SOFC stack temperature 

when the SOFC was operated with an air inlet temperature above 950ºC.  However, both 

models reproduced similar SOFC stack working temperature and steady state results when the 

SOFC stack was operated below 950ºC of air inlet temperature. The authors did not present a 

model validation in the study.  

 

Table 2-2 summarises the key modelling methodologies and key points derived from the 

research studies discussed in the section.  

.
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Table 2-2 : Overview of modelling methodology for SOFC stack/system. 

Modelling  

approach 

Authors SOFC stack/ system Remarks 

0D lumped 

transient 

Marra et al 

[66] 

Stack • Complete conversion of methane in the SOFC stack. 

• Thermal dynamics were considered, mass and electrochemistry dynamics 

were assumed rapid.  

• Convection heat transfer mechanism dominates the heat transfer inside the 

stack  

• Multiple linear regression based black box approach was developed to map 

heat exchange processes. 

1D steady state 

and 0D lumped 

transient  

Sorrentino 

et al [67] 

Stack • 1D steady state model was used to establish the relation between 

performance parameters with operating parameters. 

• Adiabatic conditions were assumed, only heat transfer due to mass flow 

was assumed in the SOFC stack. 

• Mass and electrochemistry dynamics were neglected in 0D lumped 

transient model.  

0D transient Saarinen et 

al [68] 

System  • Simplified ASR approach was adopted to calculate cell voltage.  

• BoP components transient modelling methodology were not presented. 

• Complete conversion of methane was assumed in SOFC stack. 

• Convection and radiation heat transfer mechanism were considered for the 

thermal transient modelling.  

• Mass and electrochemistry dynamics were neglected in 0D lumped 

transient model. 
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0D lumped 

transient 

 

Sorrentino 

and 

Pianese 

[69]   

System • Mass and electrochemistry dynamics were neglected in 0D lumped 

transient model. 

• Adiabatic conditions were assumed for stack and BoP components with 

only heat transfer due to mass flow was considered to determine heat 

exchange.  

• Heat exchangers were solved with a zero-heat capacity approach.  

• Air blower model was steady state. 

• Burner model was built with assumption of complete conversion of 

combustible gases.  

0D lumped 

transient 

 

Gallo et al 

[70] 

System • Methane was assumed to be completely reformed in the stack. 

• ASR approach was adopted for voltage calculation. 

• Transient model considered only thermal dynamics, mass and 

electrochemistry dynamics were neglected. 

• Conduction, convection, and radiation heat transfer modes were 

considered for heat transfer computational model.  

• Heat exchangers were modelled with constant effectiveness approach. 

• Pressure loss in the components was neglected.  

• Burner model was built with assumption of complete conversion of 

combustible gases. 

0D lumped 

transient 

 

Marra et al 

[71] 

System • This approach only considered heat transfer due to mass flows, thus 

neglecting heat transfer by conduction, convection, and radiation heat 

transfer. 

• Chemical reactions were considered at equilibrium. 

• Pressure drop was neglected in components. 

• BoP modelling methodology found missing.  
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0D lumped 

transient 

 

Wu and 

Chen[72] 

System • Heat transfer by radiation, convection and conduction mechanisms was 

neglected. 

• Pressure loss was neglected in the SOFC system components.  

• WGS reaction was considered at equilibrium. 

• Thermal and mass dynamics were considered.  

• Heat exchangers model assumed constant heat transfer coefficient.  

1D transient  Kang et al. 

[73] 

Stack • Heat transfer due to convection, conduction, and mass flows was 

considered, radiation heat transfer was neglected. 

• Thermal and mass dynamics were considered. 

• Pressure loss was neglected.  

• WGS reaction was assumed at equilibrium.  

1D transient Xi and Sun 

[74] 

Stack • Convective and conduction heat transfer was considered in the model. 

Radiation heat transfer was neglected.  

• Mass dynamics was found rapid and achieved its steady state values 

instantaneously.  

• Low order model was developed with quasi-static approach to solve mass 

and  

• Low order model was found to be accurate and reliable.  

1D and 0D 

steady state  

Braun [10] System • Stack was modelled with 1D model and BoP components were modelled 

with 0D model. 

• 1D stack model considered radiation, convection, and conduction heat 

transfer to evaluate heat exchange in SOFC control volume. 

• Heat exchangers were modelled with constant effectiveness value.  

• Constant isentropic efficiency was assumed for electricity driven 

components. 
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1D transient and 

0D lumped  

transient 

Uva et al. 

[75] 

System • 1D and 0D transient models were developed for SOFC stack and BoP 

components respectively.  

• Stack model considered convection, conduction and radiation heat transfer. 

BoP components model consider heat transfer only due to mass flows.  

• Heat loss was considered for stack; however, it was neglected for BoP 

components.  

• A zero-capacity approach was considered with constant heat transfer 

coefficient for heat exchanger modelling.  

• Blowers were modelled with constant isentropic and mechanical 

efficiency.  

0D Transient Murshed 

et al [76] 

No • 0D lumped and detail model were developed for the SOFC stack. 

• 0D lumped model considered uniform temperature distribution, while 

detail model considered different temperature among electrode, 

interconnector, and gas flow.  

• Detailed model considered convective, radiative, and conduction heat 

transfer, lumped model considered heat transfer due to mass flows only. 

• BoP components were built with 0D lumped approach. 

• 0D lumped model reproduced comparable results detail approach when 

SOFC operated with air inlet temperature lower than 950ºC.  
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2.5.2 Lesson learnt  
 

The application of lumped models includes a system-level analysis where the main interest is 

not on single system components but in analysing the interplay between system components. 

Regarding system level analysis, lumped models are a better choice than detailed physical and 

highly computationally intensive models. Therefore, most studies focused on the SOFC system 

level analysis relied on the simplified lumped-capacitance models to avoid the complexity 

involved in building electrochemical higher-dimensional modelling. The lumped model often 

neglects the mass and electrochemistry dynamics and only considers thermal dynamics for the 

transient model. It was also observed that the radiation heat transfer within the SOFC stack was 

mostly ignored in the lumped model. Adiabatic boundary conditions were often applied to the 

SOFC stack in the lumped models, eliminating the effort required to build the convection heat 

transfer model between stack and its surroundings. Therefore, the lumped models mainly 

account for the energy carried by flowing mass to evaluate the thermal transients of the SOFC 

stack. Lumped modelling studies focused on system level analysis often assumed complete 

reformation of methane in the SOFC stack and chemical reactions at equilibrium in order to 

avoid the complexity of calculating the reaction rate inside the stack. The ASR approach to 

calculate cell voltage was found to be an effective tool to match the trade-off between accuracy 

and computational burden, which becomes a crucial aspect of the modelling, especially when 

dealing with the transient analysis of SOFC integrated co-generation systems. As far as BoP 

components modelling is concerned, all studies build heat exchanger models either with the 

constant effectiveness approach or with constant heat transfer coefficient assumptions with the 

adiabatic boundary assumption. The burner modelling always assumed complete conversion 

of combustible gases with adiabatic boundary implementation. Electricity driven components 

(blower, compressor and pump) were always solved with a steady state approach with 

assumption of constant isentropic efficiency.  
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The transient modelling of the SOFC-integrated absorption refrigeration system is 

complicated, lengthy and sensitive to inaccuracies. Therefore, the 0D lumped modelling 

approach combined with the ASR approach can deliver essential highlights of the transient 

SOFC system operation while considerably reducing computational and high dimensional 

modelling effort. 

2.6  Absorption Refrigeration System Modelling  
 

Transient simulation of the vapour absorption refrigeration system (VARS) is critical to 

understand the time evolution of the system and its response under load following conditions. 

The development of a model of the VARS is a complex process as the heat exchangers in the 

system encounter multi-phase fluids and binary mixtures. The transient model of the VARS 

contains a set of non-linear conservation equations that can be solved using several approaches 

ranging from simplified lumped approaches to detailed discretised high-dimensional physical 

models [77]. A simplified 0D lumped approach and 1D discretised modelling approach are 

often used for the absorption system-level transient analysis [77]. Therefore, studies focused 

on simplified lumped and discretised methods are presented briefly in the current literature 

review.  

 

Tiji et al [78] investigated a transient simulation to of an NH3-H2O VARS with a 0D lumped 

approach for stationary application. This study did not consider modelling of the rectifier due 

to the complexity involved in its operation. In addition, the NH3 refrigerant concentration 

leaving the desorber was assumed to have a constant value of 0.9996, and the pressure loss 

across the components was neglected. The refrigerant phase was assumed to be a saturated 

liquid at the condenser outlet, and saturated vapour at the evaporator outlet. Mass and energy 

conservation equations were applied to heat exchangers of the absorption system. The system's 
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high and low side pressure was determined by applying a momentum equation, and 

characteristic curves of the solution pump supplied by the manufacturer. The authors did not 

validate the modelling results in this study.  

 

Kim and Park [79] developed a 0D lumped transient model of a commercially available 10.5 

kW NH3-H2O VARS. The system was developed for a stationary application. The model was 

formulated by applying energy and mass conservation equations to each component. This study 

considered a two-phase mixture at thermodynamic equilibrium. It was assumed that the 

enthalpy of a binary NH3-H2O mixture varied linearly along the stream direction in the heat 

exchanger, however the concentration of ammonia was assumed constant. The authors assumed 

a constant overall heat transfer coefficient for each heat exchanger. Thermal capacitance of the 

desorber was only considered in the simulation while it was neglected for other system 

components. Quasi-steady state was assumed for the refrigerant heat exchanger (RHX) due to 

its relatively low volume compared to other system parts. This study considered frictional 

pressure drop in the components, determined by standard equations. The authors did not present 

any validation of the modelling results with experimental data.  

 

Adjibade et al [80] developed a 0D lumped transient model to represent a commercially 

available NH3-H2O-H2 diffusion absorption refrigeration system for stationary application. A 

diffusion absorption refrigeration system works the same way as a conventional NH3-H2O 

absorption system; the only difference is that it does not require a mechanical pump. Mass, 

species and energy conservation equations with adiabatic boundary conditions were applied 

between the inlet and outlet of each system component. The thermal capacitance of each 

element was accounted for in the simulation. Heat transfer coefficients were assumed constants 

for all components in the simulation, and pressure loss across the heat exchanger was neglected. 
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Also, the effectiveness for the solution heat exchanger (SHX) and RHX was assumed constant 

to simplify the modelling. The high and low side pressure was determined via equilibrium 

assumptions. The refrigerant state at the outlet of evaporator and condenser was assumed 

saturated. The authors validated the transient response of the simulation with experimental 

results, and it was determined that the 0D lumped approach reproduced the heat source, 

evaporation, and condensation temperature with a maximum relative error of  3.8%, 14.5% and 

2.9%, respectively.  

 

Castaing-Lasvignottes et al. [81] simulated a commercially available NH3-H2O absorption 

chiller by adopting a 0D lumped modelling approach. Energy, mass, and species conservation 

equations were applied to each component in the modelling. This study also assumed that the 

rectifier condensed all water vapour content, and pure ammonia entered the condenser and 

evaporator. The rectifier model was built with a quasi-static approach, and the pressure drop 

across the components was neglected to simplify the modelling. The authors did not mention 

the methodology to calculate the high and low side pressure in the system. Thermodynamic 

equilibrium was assumed in each component and fluid leaving the component assumed in its 

saturated phase.  The model was validated against experimental results, and it was found that 

it accurately represented the system transient response.  

 

Kaushik et al. [82] simulated a solar-powered NH3-H2O absorption refrigeration system with a 

0D lumped transient approach. The system was focused on stationary application. Heat transfer 

coefficient calculation for each heat exchanger was carried out with a quasi-steady approach. 

These values were later used in transient modelling. Refrigerant and solution storage was 

accounted for in the modelling by employing downstream condenser and absorber mass storage 

tanks in the system. The primary function of the condenser storage tank was to store excess 
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refrigerant produced under a higher desorber load with a lower evaporator load. On the 

contrary, a higher evaporator load with a lower desorber load required a high amount of 

refrigerant, which was drawn from the condenser storage tank to match the load conditions. 

Thus, the absorber storage tank was filled with an excess solution as a buffer for load changes. 

Mass storage was only considered in the storage tanks while neglected in the heat exchangers. 

Mass and energy conservation equations were formulated for each component of the system 

with adiabatic boundary conditions.  

 

Fu et al. [83] developed an absorption system modelling library with a 1D transient approach 

to simulate various configurations of absorption chillers (single stage, double stage and triple 

stage) with NH3-H2O and LiBr-H2O working pairs for stationary application. This developed 

modelling library was able to characterise absorption system transients from start-up to 

shutdown phase. Primary heat exchangers of the system, such as absorber, condenser, 

evaporator, and desorber, were modelled as shell-and-tube heat exchangers with the 

assumption of two-phase equilibrium and phase change taking place at the shell side. Heat 

exchangers were divided into several interconnected finite control volumes to consider the 

spatial variations of the state variables along the flow direction. Pressure dynamics were 

considered much faster compared to temperature dynamics. Pressure drop in the components 

was neglected in the 1D transient simulation.  The overall heat transfer coefficient was assumed 

constant for all heat exchangers. The transient model of an exhaust-driven double-effect LiBr-

H2O system was presented in the study without any specific storage mechanism for the excess 

amount of refrigerant and solution. The developed model was validated with experimental data 

from the double-effect LiBr-H2O absorption chiller. Absolute errors for chilled water 

temperature were within 0.5 K. Hence, the 1D lumped transient model was found to be accurate 

and reliable.  
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Viswanathan et al.  [84,85] developed a 0D steady state and 1D lumped transient model to 

simulate a NH3-H2O microchannel heat exchanger based absorption refrigeration system 

developed by Determan and Garimella  [45]. The authors presented detailed information 

including component data. This study is among the few studies in the literature that mentioned 

all required data and information to build the model. As a first step, a 0D model was developed 

to estimate mass flow, enthalpy and concentration values at various state points in the system. 

In addition, a 0D steady state model provided crucial information on heat exchanger 

performance such as UA values and LMTD values. These values were later used in a 1D 

transient model. It was mentioned that due to the presence of binary and two-phase mixtures 

in the NH3-H2O absorption system, the 0D lumped transient approach might not be able to 

predict the system performance with required accuracy. Hence, a 1D transient model was 

adopted in the study. The discretised model of counter-flow heat exchangers was formulated 

with an adiabatic boundary assumption. The thermal capacitance of the heat exchanger was 

taken into account to simulate the transient system response. The storage tanks shared a major 

part of the fluid inventory in the microchannel heat exchanger-based absorption refrigeration 

system. Hence mass storage was only considered in solution and refrigerant storage tanks 

which were modelled with a vapour-liquid equilibrium assumption to determine system 

pressure. Heat transfer coefficients were assumed constant for each heat exchanger, and 

pressure drop across the component was neglected to simplify the simulation process.  

 

Martinho a et al. [86] built a 0D lumped transient model to predict the performance of an NH3-

H2O absorption refrigeration system. Thermal dynamics of the system were derived by 

applying mass, species and energy conservation equations to each component. The transient 

model was divided into two parts, namely: NH3-H2O binary fluid mixture in the thermal 

compressor assembly (desorber, absorber, rectifier and solution heat exchanger), and pure NH3 
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refrigerant in the condenser, evaporator and expansion valve. Components with only NH3 

refrigerant were solved with conventional ODEs, while components with binary mixtures were 

solved with non-linear algebraic equations. The NH3 refrigerant phase at the condenser and 

evaporator outlet was assumed to be sub-cooled and saturated vapour, respectively, with a 

constant ammonia mass fraction of 0.998. The desorber, rectifier and absorber were modelled 

with vapour-liquid equilibrium assumption. Mass storage in the components was neglected. 

Simulated temperature curves of the system components were compared against experimental 

values and showed good agreement. A maximum relative error of 2% was found for the 

desorber temperature profile due to the simple assumption of the liquid vapour equilibrium in 

the desorber control volume. Hence, it was recommended to model the desorber via a 

discretised 1D approach to improve the accuracy of the simulation.  

 

Wen et al. [87] developed a simplified 0D lumped transient model to simulate a LiBr-H2O 

absorption refrigeration system. Condenser, absorber, evaporator and desorber were built with 

energy, mass, and species conservation ODEs. The solution heat exchanger, expansion valve 

and solution pump were modelled with a quasi-static approach. Adiabatic boundary conditions 

were applied to each component. The thermodynamic properties were assumed homogeneous 

in each component of the system. Pressure drop across the components and thermal capacitance 

of heat exchangers were neglected. The constant value of the heat transfer coefficient for 

different heat exchangers was assumed in the transient simulation. The accuracy of the lumped 

modelling was proved by comparing transient results with the experimental data. The lumped 

model successfully reproduced the system performance parameters with a maximum relative 

error of 2.5%.  

 

A summary and key highlight from the literature studies is presented in Table 2-3. 
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Table 2-3 : Overview of modelling methodology for absorption refrigeration system. 

Approach Authors Remarks 

0D 

Lumped 

Tiji et al. [78] • The rectifier model was ignored in the transient modelling.  
• Constant refrigerant concentration of 0.9996 at desorber outlet. 
• Refrigerant phase was assumed saturated liquid and vapour at the outlet of the condenser and 

evaporator, respectively. 

• System pressures were determined by applying momentum equations.  

0D 

Lumped 

Kim and Park [79] • Heat transfer coefficient was assumed to be constant for each component.  
• RHX was modelled with quasi-static approach. 
• Two phase mixture was assumed at thermodynamic equilibrium.  
• Thermal capacitance of desorber was considered in the modelling, however it was neglected 

for remaining components.  

• Frictional pressure loss was assumed in the component.  

0D  

Lumped 

Adjibade et al. [80] 

 

• Heat transfer coefficients were assumed for each heat exchanger.  
• SHX and RHX effectiveness was assumed constant. 
• The high and low side pressure in the system was determined with equilibrium assumptions.  

• Maximum relative error between simulation results and experimental data was 15%. 

0D 

Lumped 

Castaing-
Lasvignottes et al. 
[81] 

 

• Rectifier was built with quasi-static approach, and it was also assumed that rectifier condensed 
all water vapour from NH3-H2O solution.  

•  Thermodynamic equilibrium was assumed for each component. 
• The fluid leaving each component was assumed in its saturated state. 
• Pressure loss was neglected across the components.  

• Model reproduced comparable results against experimental data.  

0D 

Lumped 

Kaushik et al. [82]  

 

• Refrigerant and solution storage tanks were considered to match the load following conditions 
in the modelling. 

• Constant flow rate across the expansion valve was assumed.  
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1D 

Lumped  

Fu et al. [83] • Absorption system modelling library was developed to analyse absorption chiller with different 
configurations and working pairs. 

• Pressure in the system was determined with quasi-static momentum equations.  
• Pressure dynamics were assumed rapid compared to thermal dynamics.  
• Pressure drop in the component was neglected. 

• Two-phase equilibrium was assumed for each component.  

0D 

steady 

state and 

1D 

lumped 

transient 

Viswanathan et al. 

[84] 

• 0D steady state model was used to provide heat exchanger information and mass flow 
information to 1D transient model.  

• Mass storage was considered in storage tanks, while it was neglected in other components.  
• Adiabatic boundary conditions were applied to heat exchangers with constant heat transfer 

coefficient value. 
• Pressure drop across the components was neglected.  

• High and low side pressures were determined by solving storage tanks model with vapour-

liquid equilibrium assumption.  

0D 

Lumped 

Martinho a et al. 
[86]  

 

• Mass accumulation was not considered. 
• Refrigerant phase was assumed sub-cooled and saturated vapour at condenser and evaporator 

outlet, respectively.  
• Condenser and evaporator were modelled with constant ammonia mass fraction of 0.998.  
• The model reproduced comparable results against experimental data with maximum relative 

error of 2%.  

• It was recommended to build discretised 1D transient model to improve the accuracy of the 

model. 

0D 

Lumped 

Wen et al. [87] • Thermal capacitance and heat loss of the heat exchangers were neglected in the transient 
simulation.  

• Constant UA value for the heat exchanger was considered. 
• SHX, solution pump and expansion valve were modelled with a quasi-static approach.  

• Model reproduced system performance parameters with a maximum relative error of  

2.5% .  
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2.6.1 Lesson learnt  
 

Most studies reviewed adopted the 0D lumped-capacitance approach to simulate the transient 

modelling of a VARS. However, due to the presence of binary mixtures, phase change and 

absorption/desorption processes in the system, a simplified 0D modelling approach might not 

be able to predict the system transients with great accuracy, especially during system start-up. 

Therefore, a discretised 1D modelling approach could be more beneficial to deliver essential 

characteristics of the transient response of the system. As far as system-level analysis is 

concerned, it is advised to assume a constant heat transfer coefficient value for each heat 

exchanger to avoid lengthy and complicated calculations, especially for two-phase and binary 

mixtures.  All studies considered adiabatic boundary conditions for heat exchanger modelling. 

Some studies evaluated the pressure difference across the components with momentum 

equations, while only few modelled the pressure difference governed by the accumulated 

solution and refrigerant in the storage tanks. The current study considered a compact 

microchannel heat exchanger based absorption refrigeration system. In microchannel based 

absorption systems, the storage tanks share a significant amount of fluid inventory. Therefore, 

pressures are governed by the vapour-liquid equilibrium conditions in the refrigerant and 

solution storage tank.  

 

Studies on the transient modelling of absorption systems were mainly focused on stationary 

applications. Hence transient performance of the absorption system under load following 

conditions (for automotive transportation) has yet to be demonstrated in detail. To consider 

absorption refrigeration systems for automotive refrigerated transportation, it is crucial to 

identify the capability of the VARS to operate in load following conditions, which is something 

that is missing in the available literature. 
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2.7 Conclusion and Remarks  
 

High-temperature SOFC systems can generate electric power without PM and NOx emissions. 

SOFC systems have demonstrated higher efficiency and lower GHG emissions compared to 

conventional diesel combustion engines. An SOFC integrated, thermally activated absorption 

refrigeration system for transportation can further increase the overall efficiency with a co-

generation concept. Thus, such integration of an SOFC system with a thermally activated 

refrigeration cycle promises lower environmental impacts and higher efficiency. In addition, 

the SOFC system produces electricity which can be utilised on-board. Recent developments in 

the SOFC technology offer high volumetric power density which is one of the requirements of 

the automotive transportation. Furthermore, the electricity produced by the SOFC could be 

used not only for auxiliary loads but also in hybrid powertrain concepts, with the heat being 

used for on-board air conditioning and refrigeration.  

 

Methane fuelled SOFC coupled VARS applications for refrigerated transportation have not 

been demonstrated or theoretically simulated to date. Therefore, integration of a methane 

fuelled SOFC system with a VARS for refrigerated automotive transportation is a new concept 

where a significant amount of information has to be added to prove the feasibility of such a 

system.  

 

The following points are considered key in investigating the concept of an SOFC integrated 

VARS for refrigerated automotive transportation in more detail:    

• Increased interest in road, maritime, and even airborne logistics in methane fuel (mainly 

in LNG and CNG) opens up new options and justifies the use of SOFCs in 

transportation.  
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• SOFC-integrated thermally activated refrigeration systems appear promising for 

refrigerated transportation applications by achieving higher efficiency.  

• The hybridisation of the SOFC system with an additional electric battery system can 

satisfy the requirements to cope with load following conditions for automotive 

transportation.   

• Transient and steady state modelling of the combined SOFC integrated absorption 

refrigeration system requires further attention to evaluate the system performance and 

ability to deliver optimised performance under various operating conditions.   

• There is a considerable potential of SOFC integrated absorption refrigeration systems 

to decarbonise refrigerated transportation. 
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Chapter 3: Research Methodology 

 

 

This chapter details the methodology adopted in the current study to achieve the research 

objectives. Each component used to build the experimental setup of the vapour absorption 

refrigeration system coupled with simulated SOFC exhaust is discussed.  The methodology to 

assess the experimental prototype performance is also discussed in this chapter. The 

methodology to calculate the refrigeration load on different types of refrigerated trucks is 

presented followed by a thermodynamic modelling methodology for the absorption 

refrigeration and SOFC systems. The detailed methodology to build the mathematical models 

(transient and steady state) of the SOFC system and absorption refrigeration system is 

presented in the chapter.   
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3.1 Experimental Setup 
 

The schematic of the experimental setup of a VARS is shown in Figure 3-1. The primary aim 

of the experimental investigation was to obtain sub-zero evaporation temperatures needed for 

refrigerated transportation  

 

 

Figure 3-1 : Schematic of the laboratory absorption refrigeration system coupled with 

simulated SOFC exhaust. 

 

The setup consisted of three fluid loops, with namely: air, heat transfer oil, and aqua-ammonia 

solution, as shown in Figure 3-1. To simulate high temperature SOFC exhaust, ambient air was 

heated to the desired temperature using an electric heater. The SOFC system exhaust contains 

mostly N2 and O2 (up to 95 %) and minor amount of H2O and CO2 (up to 5%), hence it is fair 

to treat ambient air as the SOFC system exhaust. The ambient air entered the electric heater via 

an air compressor where it absorbed the heat from the heating element. The hot air transferred 

its heat to the thermal oil (Paratherm NF) in an internally finned tube-in-tube heat exchanger. 
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In this setup, a plate heat exchanger was used as a desorber to achieve the separation of the 

aqua-ammonia solution.  

 

 

Figure 3-2 : Experimental facility of the simulated SOFC exhaust with VARS.  

 

The solution pump forced the concentrated NH3-H2O solution into the desorber via the rectifier 

where pre-heating of the concentrated NH3-H2O solution took place. The pre-heated 

concentrated NH3-H2O solution entered the desorber and absorbed heat from the hot thermal 

oil. This caused separation of the NH3 refrigerant vapour from the concentrated (‘strong’) 

solution. Due to the high temperature of the desorber (above 100oC), a small amount of H2O 

vapour also evaporated along with the NH3 vapour and needed to be separated. The H2O vapour 

was condensed inside the rectifier by rejecting its heat to the concentrated NH3-H2O solution 

coming from the storage tank through the solution pump. Due to the condensation of water 

inside the rectifier, only NH3 refrigerant vapour entered the condenser. High-pressure ammonia 

vapour rejected heat to the ambient inside the condenser, which converted ammonia vapour to 
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the liquid phase at the outlet of the condenser. High-pressure liquid ammonia entered the 

expansion valve where it passed through a small orifice, which caused depressurisation before 

the ammonia entered the evaporator (Figure 3-3). Low-pressure ammonia evaporated by 

absorbing heat from the ambient. Ammonia vapour entered the absorber where it mixed with 

the dilute (‘weak’) solution coming from the desorber. The dilute solution entered the absorber 

via an electronic expansion valve where its pressure was reduced. The mixing of refrigerant 

vapour and dilute solution in the absorber is an exothermic process which releases heat. To 

maintain a constant absorber temperature and pressure, heat from the exothermic reaction 

needed to be absorbed by a forced cooling mechanism. However, the absorber in this setup was 

not integrated with forced cooling, hence heat was rejected from the absorber to ambient only 

due to natural convection.  

 

 

Figure 3-3 : Evaporator coil. 

 

NH3 refrigerant vapour entered the absorber storage tank from the top (Figure 3-4) to avoid 

immediate mixing of the refrigerant vapour with the solution. If refrigerant vapour were 

allowed to enter from the bottom, a rapid exothermic reaction could have occurred due to direct 

mixing of refrigerant vapour with the solution which might have led to a rapid rise in 

temperature and pressure due to lack of external cooling of the absorber storage tank. If the 
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lower side pressure increased to higher than 3 bar, the targeted sub-zero evaporation 

temperature could not be achieved. Therefore, the evaporator outlet pipe was connected to the 

top of the storage tank intentionally, although this could result in inefficient mixing of the 

refrigerant vapour with the solution inside the tank and poor system performance. However, 

this configuration enabled us to run the experiment of achieving the required evaporation 

temperature, which was the primary objective of this study.  

 

 

Figure 3-4 : Absorber storage tank. 

 

The experimental facility was charged with 7.5 L NH3-H2O solution with ammonia 

concentration 33 %. 

 

3.1.1 Description of the system component 
 

An electric heater with capacity of 10 kW manufactured by SYLVANIA was connected to a 

turbo compressor (supplied by Celeroton with rated power of 1 kW and maximum 55 g/s air 

mass flow rate). The electric heater required a minimum 44 g/s of air flow rate. The heating 

element temperature increased above its threshold value of 650°C if the air mass flow was kept 
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below 44 g/s which automatically turned off the electric heater immediately. Therefore, the 

airflow rate was always kept at its lowest possible value of 44 g/s. Paratherm-NF thermal oil 

was chosen as a heat transfer fluid to couple the simulated SOFC exhaust with the absorption 

refrigeration unit. The maximum recommended operating temperature with the Paratherm NF 

fluid is 332oC [88]. It was found that the counter-flow heat exchanger configuration with lower 

oil mass flow rate (<5 g/s) and higher air temperature (> 350oC) might deliver an oil outlet 

temperature higher than its maximum recommended temperature. Hence, to avoid oil vapour 

pressure inside the air-oil heat exchanger, a parallel flow heat exchanger configuration was 

chosen for the air-oil heat exchanger despite its drawback of less efficient compared to a 

counter-flow configuration. The stainless-steel tube-in-tube exchanger was manufactured by 

EBZ (series: HX-GW-D1.2-01) had fins attached to the inner tube. Oil flowed through the 

annulus of inner pipe and air flowed through the outer pipe.  A positive displacement type gear 

oil pump (Tuthill GR20) and magnetically coupled drive diaphragm pump (Tuthill TXS2) were 

utilised to circulate oil and NH3-H2O solution through the system, respectively. The oil pump 

could deliver a maximum flow rate of 14 g/s with a maximum pressure difference of 4 bar 

while the solution pump can deliver a maximum flow rate of 40 g/s with a maximum pressure 

difference of 16 bar.  

 

The desorber was a stainless-steel plate heat exchanger manufactured by Alfa Laval (HP-27-

20H) with 20 number of plates. The overall dimensions of the desorber plate heat exchanger 

were 111 mm × 310 mm. A helical coiled tube rectifier was manufactured by EBZ (HX-GW-

D-01). Concentrated NH3-H2O solution entered the rectifier, and it absorbs heat from the NH3-

H2O vapour entering from the bottom. A typical U-shaped stainless-steel tube with aluminium 

fins was used as a condenser. Geometrical details of the condenser are shown in Appendix A. 

Condenser was cooled by a desk fan (Igenix-DF1210) which had an air flow of 0.33 kg/s with 
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power consumption of 30 W. Controllable electronic expansion valves manufactured by Carel 

(E2V05BS000) were integrated to create the pressure difference across the components of the 

system. A stainless-steel coil was used as an evaporator as shown in Figure 3-3. Heat was added 

to the evaporator with a desk fan (Igenix-DF9010) blowing air mass flow of 0.18 kg/s. A 15 L 

stainless steel storage tank was used as an absorber in the experiments as shown in Figure 3-4. 

This storage tank could resist maximum pressure up to 15 bar. Thick wall of the storage tank 

makes heat rejection from the tank to ambient difficult which resulted into elevated absorption 

temperature and pressure. 

 

The geometrical parameters and CAD drawing of the components are mentioned in Appendix 

A. A summary of all the system components is shown in Table 3-1.  

 

Table 3-1 : Experimental setup component details. 

Component Manufacturer/Model Capacity/Characteristics 

Turbo compressor Celeroton 1 kW, 55 g/s of maximum air 

flow rate 

Electric heater SureHeat MAX SYLVANIA 10 kW, Maximum 

temperature= 650 °C 

Oil pump Positive displacement type gear 

pump (Tuthill GR20) 

0-14 g/s (maximum pressure 

difference: 4 bar at full load) 

Condenser fan Igenix (DF1210) Power consumption: 30 W, air 

flow: 0.33 kg/s 

Evaporator fan Igenix (DF9010). Power consumption:15 W, air 

flow: 0.18 kg/s 

Solution pump  Magnetically coupled drive 

diaphragm pump (Tuthill TXS2) 

0 to 40 g/s (maximum pressure 

difference: 16 bar at full load) 

Expansion valves Carel (E2V05BS000) 480 motor steps 

Air to Oil HX EBZ Tube-in-tube heat exchanger 

(HX-GW-D1.2-01) 

- 

Desorber  Alfa Laval AlfaNova ( Hp 27-20 H) - 

Rectifier EBZ helical coiled tube heat 

exchanger (HX-GW-D-01) 

- 

Condenser  U-shaped tube bundles with 

aluminium fins 

- 

Evaporator Coiled tube - 

Absorber 15 L storage tank - 
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To determine the temperature, pressure, and mass flow rate at different state points of the 

system, a set of type K thermocouples, mass flow meters, and pressure transducers were 

installed. Two mini CORI-FLOW™ mass flow meters (M15-AGD-55-0-S Digital) were used 

to measure the mass flow of the concentrated NH3-H2O solution and the dilute NH3-H2O 

solution. The oil mass flow was measured with a Rheonik Coriolis mass flow meter. The 

pressure was measured in the absorber, desorber, and solution pump utilising a RS-PRO 

(7975015) electronic pressure transducer. Accuracy of these measurement devices is shown in 

Table 3-2 .  

 

 

Figure 3-5 : Virtual interface developed in the LabView Software. 

 

The pumps and air compressor were manually controlled by integrating their accompanying 

software with the LabView software. LabView software enables the operator to develop a 

virtual interface to control and record experimental data. All signals from various mass flow 
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meters, thermocouples and pressure transducers were digitally measured by a LabView 

programmable data acquisition module as shown in Figure 3-5. The sampling frequency was 

adjusted to 10 Hz and to perform time averaging of the collected data signal. A summary of all 

the measurement instruments is presented in Table 3-2.  

 

Table 3-2 : Experimental setup component details and measurement instruments 

specification. 

Component Manufacturer/Model Capacity/Characteristics 

Solution pump  Magnetically coupled drive 

diaphragm pump (Tuthill TXS2) 

0 to 40 g/s (maximum 

pressure difference: 16 bar 

at full load) 

Mass flow meter  Mini-CORI-FLOW Coriolis (M15-

AGD-55-0-S) 

0.02 to 45 g/sec, Accuracy: 

±0.1 % 

Oil mass flow meter Rheonik Coriolis mass flow meter 

(RHM03) 

0.17 to 20 g/sec, Accuracy 

:±0.1 % 

Pressure transducer RS-PRO (7975015) Electronic 

pressure transducer 

0 to 25 bar, Accuracy 

:±0.25% 

Thermocouple  Omega® Type-K thermocouple -200 °C to 1250 °C, 

Accuracy : ±0.5oC 

 

3.1.2 Component performance analysis 
 

The ammonia concentration in the solution was not measured in the experiments, hence phase 

quality assumptions were made to determine the ammonia concentration in the solution. The  

NH3-H2O solution was continuously heated along the desorber length, hence two-phase 

mixture could be assumed along its entire length [77,89,90]. Hence, it was assumed that dilute 

solution and the ammonia vapour leaving the desorber were in saturated liquid and saturated 

vapour phase, respectively [77]. With the measured temperature and pressure in experiments 
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and phase quality assumptions, fluid thermodynamic properties (specific enthalpy and vapour 

mass fraction) were determined in Engineering Equation Solver (EES). A thermodynamic 

model was developed in the EES to demonstrate the system performance parameters such as 

heat load of different components and COP of the system.  

 

3.1.2.1 Oil heat exchanger 

 

In this work, effectiveness (ε) of oil heat exchanger, logarithmic mean temperature difference 

(ΔTlm), and the overall heat transfer coefficient (U) of the air-oil heat exchanger was computed 

by eqn.3.1,  eqn. 3.6 and eqn.3.7, respectively.  

ε =
Actual heat trasfer rate (Q̇)

Maximum heat transfer (Q̇maximum)
   

3.1 

 

The actual heat transfer (Q̇) taking place in a heat exchanger can be determined with the help 

of energy balance of cold and hot fluid as described in eqn.3.2.  

�̇� = �̇�𝑐𝑜𝑙𝑑𝑐𝑝,𝑐𝑜𝑙𝑑(𝑇𝑐𝑜𝑙𝑑, out − 𝑇𝑐𝑜𝑙𝑑, in ) = �̇�ℎ𝑜𝑡𝑐𝑝,ℎ𝑜𝑡(𝑇ℎ, in − 𝑇ℎ, out ) 3.2 

cold and hot represents cold and hot fluid, respectively.  

where,  

ṁ Mass flow of working fluid (kg/s) 

cp  Specific heat of working fluid (Kj/kg K) 

T Outlet temperature of working fluid (ºC) 

 

Maximum possible heat transfer rate depends upon the maximum temperature difference 

(Tmaximum) in a heat exchanger. The maximum temperature difference is always the difference 

between inlet temperatures of the hot (Thot, in ) and cold fluid (Tcold, in ) which is defined in 

eqn.3.3.  
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Tmaximum = Thot, in − Tcold, in  3.3 

 

The fluid with the smaller heat capacity and mass flow will undergo a maximum temperature 

difference [85]. Hence, Q̇maximum is defined by eqn.3.4.  

Q̇maximum  = (ṁcp)
min

(Thot, in − Tcold, in ) 3.4 

 

The log mean temperature difference (LMTD) method is one of the widely used method to 

analyse the heat exchanger performance for steady state conditions [91,92]. The LMTD method 

predicts heat transfer between hot fluid and cold fluid as shown in eqn.3.5.  

Q̇ = UAΔTlm     3.5 

where,  

A Surface area of heat exchanger (m2) 

ΔTlm log mean temperature difference (ºC) 

 

ΔTlm for a parallel flow heat exchanger is expressed as [92,93]  

𝛥𝑇𝑙𝑚 =
(𝑇𝐻𝑜𝑡, in − 𝑇𝐶𝑜𝑙𝑑,𝑖𝑛) − (𝑇𝐻𝑜𝑡, out − 𝑇𝐶𝑜𝑙𝑑, out )

𝑙𝑛 [
(𝑇𝐻𝑜𝑡,𝑖𝑛 − 𝑇𝐶𝑜𝑙𝑑,𝑖𝑛)

(𝑇𝐻𝑜𝑡,𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑙𝑑,𝑜𝑢𝑡)
]

 
3.6  

U =
Q̇

AΔTlm 
 

3.7 

where, A is total heat transfer area (m2).  

 

The calculation to determine the surface area of air-oil heat exchanger is mentioned in 

Appendix B.    
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3.1.2.2 VARS components  

 

To assess the VARS component performance, the mass, species and energy balance equations 

as shown in eqn.3.8 to eqn. 3.10 were applied between inlet and outlet of each component. 

Three independent properties were needed to determine the specific enthalpy (h) and other 

thermodynamic properties of the NH3-H2O solution. Temperature (T) and pressure (P)  at 

different state points, concentrated solution mass flow (ṁconc) , and dilute solution mass flow 

(ṁdil )  was recorded during experiments. The phase quality (q)  assumptions were used to get 

third independent parameter to determine other properties of NH3-H2O solution. For saturated 

vapour and liquid phase, value of phase quality (q) is 1 and 0, respectively. The NH3 

concentration of solution (x)  was also used to determine the properties, it represents mass 

fraction of NH3 in the NH3-H2O solution.  Mathematical equations used in modelling to 

estimate the performance of different VARS components are given in Appendix B.  

 

∑ṁin − ∑ṁout = 0 3.8 

∑ṁout hout − ∑ṁinhin = Q̇ − Ẇ 3.9 

∑ṁinxin − ∑ṁoutxout = 0 3.10 

 

The COP of the system was defined as the ratio of evaporator heat load (Q̇ evp) to desorber heat 

load (Q̇ dsrbr) which is presented in eqn. 3.11.  

COP =
Q̇ evp

Q̇ dsrbr

 
3.11 

 

In the above equation, power required to drive the solution pump was not considered due to its 

negligible value during experiments. 
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3.2 Simulation Methodology 
 

In this study, simulation methodology followed a bottom-up approach to match the required 

refrigeration load demand of different trucks. Hence, end-user demand was identified first, 

which was followed by the upstream simulation process (VARS and SOFC modelling). The 

refrigeration demand load was supplied to VARS model to identify VARS performance. The 

outputs of the VARS model were fed to SOFC model to characterise SOFC system. After 

formulation all these three models, a combined system performance was assessed to determine 

performance parameters. This simulation methodology was used to determine the 

thermodynamic performance, environmental performance and overall performance of the 

combined system.  Figure 3-6 and Figure 3-7 outlines the current methodology to determine 

the operating envelope for the SOFC system.   

 

 

Figure 3-6 : Steady state modelling methodology. 
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Figure 3-7 : Transient modelling methodology. 

 

 

3.3 Refrigeration Demand Load Calculation  
 

Refrigeration demand load of the refrigerated vehicles serve crucial input to model the 

absorption refrigeration system. The SOFC system and absorption refrigeration system 

operating envelope strongly depends upon the refrigeration load that needs to be satisfied on 

the refrigerated vehicle. Hence, the first step in the simulation was to compute the refrigeration 

load requirements. The ASHRAE procedure [94] was strictly followed to determine accurate 

refrigeration load requirements. The ASHRAE thermal load calculation methodology is 

mentioned in Appendix C.  

 

This study only considered the frozen transportation application as cooling load for frozen 

application is always higher compared to chilled transportation. SOFC needs to match the 

maximum refrigeration demand load. Hence, it was valid to assume frozen transportation 
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journey only in the study. The setting temperature for frozen transportation was fixed -18ºC 

[95]. External dimensions needed to determine refrigeration load of the different cabinets are 

mentioned in Table 3-3[22]. 

 

Table 3-3 : External dimensions of different refrigerated cabinet [22]. 

Type of truck Length (m) Height (m) Width (m) 

Large 13.6 2.4 2.6 

Medium 9.4 2.4 2.5 

Small 2.4 1.57 1.88 

 

3.4 VARS Transient Modelling Methodology 
 

This study considered microchannel heat exchanger based VARS for the simulation. A 

microchannel heat exchanger with hydraulic coupling fluid demonstrated effective and 

efficient heat transfer in a compact volume with greater ratio of surface area to volume, and 

higher heat transfer coefficient [96]. An application of microchannel heat exchanger with 

hydraulic coupling fluid allows extremely compact components with enhanced thermodynamic 

performance of the VARS [46,97–100]. Therefore, in this study hydraulic coupling fluid based 

micro channel heat exchangers are selected to analyse the VARS performance.  Condenser and 

absorber can be coupled to ambient sink (i.e., ambient air HX or radiator) via hydraulic 

coupling fluid loop. Radiator is one of the existed components of the vehicle architecture 

(internal combustion engine or electric vehicles). Hence, absorber and condenser microchannel 

heat exchanger with hydraulic coupling fluid can be coupled to single radiator (or air coupled 

heat exchanger) to make absorption system greatly compact and efficient.  In this work, the 

SOFC exhaust is coupled with the VARS via a Paratherm NF heat transfer oil circuit. Figure 

3-8 shows a schematic of an SOFC exhaust driven VARS. 
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Figure 3-8 : A Schematic diagram of VARS.  

 

The main components of a single stage NH3-H2O VARS are desorber, absorber, rectifier, 

evaporator, condenser, refrigerant heat exchanger (RHX),  solution heat exchanger (SHX) and 

solution pump, as shown in Figure 3-8. The concentrated solution is pumped (2) from the 

absorber (1) through the SHX (6) to the desorber. Thermal energy is supplied to the desorber 

(17) to split the NH3-H2O binary solution. Ammonia and water vapour enter the rectifier (10) 

where the ammonia vapour is purified from any traces of water and then enters the condenser 

(11) where it is liquefied. The condensate is (12) passed through a throttle valve (13)  via 

refrigerant heat exchanger  (RHX) to the low-pressure side of the system and in the evaporator 

(14) absorbs thermal energy from the refrigerated space. The high-temperature and pressurised 

dilute solution (lower ammonia concentration) flows to the SHX from the desorber (7). SHX 

facilitates internal heat recovery inside the system by supplying from dilute solution to the 

strong solution coming from the absorber (8). The low temperature dilute solution enters the 
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absorber (9) from the SHX where it combines with the ammonia vapour coming from the RHX 

(16).  

 

This study considered the methodology formulated by Viswanathan [85,89] to build VARS  

transient 1-D model. There were several assumptions made as follows to build VARS transient 

model: 

1. The heat exchanger performance was assumed adiabatic, heat transfer only takes 

between working fluids.  

2. Changes in potential and kinetic energy were neglected. 

3. The pressure drop in the pipelines and components was neglected.  

4. The overall heat transfer coefficient remained constant in the heat exchanger.  

5. The specific heat of the fluid was assumed constant along the length of the heat 

exchanger.  

 

It is well known fact that pressure dynamics are rapid compared to that of thermal and mass 

transfer dynamics.  Hence, absorption system components are governed either distinct low 

side or high-side pressure.  Therefore, any change in pressure is immediately communicated 

to individual heat exchanger. Hence, it is legit to neglect pressure drop between components 

while carrying out system level analysis, thus avoiding requirement to consider momentum 

equation in the mathematical modelling. Approximate difference between low side and high 

side pressure in an absorption system is 12 to 15 bar, hence, frictional drop also been 

neglected in the mathematical modelling due to its insignificant value. Concentration, 

pressure, and mass flow rate inside heat exchanger are assumed to be identical (constant) 

along the fluid flow direction.  
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3.4.1 VARS heat exchanger modelling  

 

Each heat exchanger was modelled based on discretisation modelling approach, where the heat 

exchanger was divided into number of interconnected control volume as shown in Figure 3-9. 

Discretised approach predicts more accurate performance of heat exchanger especially with 

NH3-H2O zeotropic binary mixture [85]. 

 

 

Figure 3-9 : Discretisation of heat exchanger [85].  

 

In this study, each heat exchanger was assumed counter flow, therefore hot and cold fluid 

entered heat exchanger from opposite direction as shown in Figure 3-9. An individual heat 

exchanger was divided in three subparts, namely: hot fluid side (hf), cold fluid side (cf), and 

internal wall (w) between hot fluid and cold fluid. Internal wall was assigned with its thermal 

capacitance (product of solid mass and heat capacity). The energy conservation equations for 

hot fluid side, cold fluid side and dividing wall in ith node for a distressed heat exchanger are 

shown in eqn.3.12 to eqn.3.14.  

dUhf,i

dt
= m

.

hf(hhf,in − hhf,out) − Q
.

hf,i 
3.12 

dUcf,i

dt
= Q

.

cf,i − m
.

cf(hcf,out − hcf,in) 
3.13 

(mcp)w,i

dTw,i

dt
= Q

.

hf,i − Q
.

cf,i 
3.14 

 

 

 

 



➢ Research Methodology 

86 

 

where,  

U Specific Internal energy (kJ/kg) 

(mcp)w Thermal capacitance of wall (kJ/K) 

Q
.

  Heat transfer rate (kW) 

m
.
 Mass flow of fluid (kg/s) 

h Specific enthalpy (kJ/kg) 

T Temperature (K) 

  
 

 

Heat transfer rate between hot fluid and wall (𝑄
.

ℎ𝑓,𝑖), and wall and cold fluid (𝑄
.

𝑐𝑓,𝑖) were 

determined by eqn.3.15 and eqn.3.16.  

Q
.

hf,i = (UA)hf,i(Thf,i − Tw,i) 3.15 

Q
.

cf,i = (UA)cf,i(Tw,i − Tcf,i) 3.16 

where, A is available heat transfer area on hot fluid and cold fluid side (m2) 

 

Eqn.3.12 and 3.13 describe the rates of energy stored in hot fluid and cold fluid respectively. 

Enthalpy values of fluids at inlet (hhf,in) and outlet (hhf,out) of individual discretised control 

volume were evaluated using eqn.3.17 and 3.18, respectively [85].  

 hhf,in = hhf,i−1& hhf,out = hhf,i 3.17 

hcf,in = hcf,i+1 & hcf,out = hcf,i 3.18 

 

dUhf,i

dt
 term in eqn. 3.12 represents the thermal energy stored in the hot fluid. During start-up 

phase of the VARS, rate of change of energy of hot fluid  (m
.

hf(hhf,in − hhf,out))and the heat 

transfer from hot fluid to wall (Q
.

hf,i) are not identical, and this remaining heat transfer 

difference is the amount of internal energy stored in hot fluid  (
dUhf,i

dt
).  For cold fluid, 

dUcf,i

dt
 term 
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depicts the amount of internal energy stored when the rate of change of energy of cold fluid 

(m
.

cf(hcf,out − hcf,in)) and heat transfer rate between wall and cold fluid (Q
.

cf,i) are not identical 

during start-up. The difference of heat transfer rate between hot fluid and wall (Q
.

hf,i), and cold 

fluid and wall (Q
.

cf,i) represents the amount of thermal energy stored in the wall 

((mcp)w,i
dTw,i

dt
). Under steady-state conditions of the system, heat transfer across the wall by 

hot fluid and cold fluid (Q
.

hf,iand Q
.

cf,i) are identical, hence amount of internal energy stored in 

the wall turns into zero.  

 

The relation between internal energy and enthalpy of the fluid is determined by eqn.3.19.  

U = M(h − Pv) 3.19 

where, 

 M  Fluid mass (kg),  P  Pressure (Pa)  and v  Specific volume (m3/kg).  

 

 

Eqn.3.12 and eqn3.13 can be re-written with the help of eqn.3.19, which are as follows:   

Mhf,i

dhhf,i

dt
= m

.

hf(hhf,in − hhf,out) − Q
.

hf,i 
3.20 

Mcf,i

dhcf,i

dt
= Q

.

cf,i − m
.

cf(hcf,out − hcf,in) 
3.21 

 

In this study, pressure loss and volume change of fluid in the component was neglected. 

Therefore, rate of change of pressure and volume in discretised control volume was always 

zero, hence it is not mentioned in eqn.3.20 and eqn.3.21. 
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To solve all above transient equations, several parameters such as heat exchanger wall mass, 

mass of fluid in discretised control volume, heat transfer coefficient and control volume area 

were required. Microchannel heat exchangers consist of layer of sheet as shown in Figure 3-10 

[77].  

 

Figure 3-10 : Microchannel heat exchanger assembly [77]. 

 

Dilute NH3-H2O solution acted as a coupling fluid (CF) for the SHX and liquid refrigerant at 

higher pressure  acted as a coupling fluid for the RHX. Water- propylene glycol mixture acts 

as a CF for the condenser and absorber. Air is a CF for the evaporator. Paratherm thermal oil 

is a CF for the desorber.  

 

Important parameters of heat exchanger such as mass of solid wall, heat transfer coefficient, 

internal fluid volume and thermal conductance were taken from work demonstrated by Goyal 

[77] is shown Table 3-4.  
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Table 3-4 : Heat exchanger properties for the VARS [77]. 
N

H
3
-H

2
O

 

Parameter VARS component 

Evaporator Absorber Desorber Condenser SHX RHX 

Number of sheets 190 80 60 80 80 80 

Fluid volume/sheet 

(m3) 

2.0E-6 4.4E-6 42.1E-6 2.27E-6 1.5E-6 1.6E-6 

Surface area /sheet 

(m2) 

0.0072 0.022 0.02 0.0115 0.0074 0.00835 

Heat transfer 

coefficient (W/m2 

K) 

12062 828 5000 3088 4765 265 

Density (kg/m3) 29 800 800 29 800 29 

C
o
u

p
li

n
g

 f
lu

id
 

(C
F

) 

Fluid volume/sheet 

(m3) 

2.2E-6 4E-6 7.7E-6 2E-6 1.6E-6 1.4E-6 

Surface area /sheet 

(m2) 

0.011 0.020 0.032 0.01 0.0084 000074 

Heat transfer 

coefficient (W/m2 

K) 

100 5702 1500 5675 5342 4113 

Density (kg/m3) 1.225 990 825 990 800 29 

W
a

ll
 

Mass of each sheet 

(kg) 

0.295 0.37 1.16 0.2 0.188 0.188 

Specific heat (kJ/kg 

K) 

0.5 0.5 0.5 0.5 0.5 0.5 

Density (kg/m3) 8000 8000 8000 8000 8000 8000 

 

In this study, all the heat exchangers were divided into five discretised control volumes. Heat 

transfer coefficient assumed to be constant for each discretised volume and surface area 

assumed to be distributed identically between five discretised volumes. A methodology to 

calculate heat transfer coefficient for NH3-H2O solution and coupling fluid can be found in the 

study carried out by Goyal [77] . Initial amount of stored mass of fluid inside the heat exchanger 

depends upon the fluid volume of the component and density of fluid, it was determined with 

eqn.3.22.   

Mfluid = ρfluid ∗ VCV 3.22 

where,  

ρfluid  Fluid density (kg/m3)  &  VCV  Volume of control volume (m3).  
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Initial fluid density values are shown  Table 3-4. The stored amount of hot fluid and cold fluid 

inside component was assumed to be uniformly distributed among all the discretised control 

volumes of the heat exchanger [85]. However, thermal capacitance of fluids and wall was 

considered while it was neglected for the connecting pipes.  Fluid mass storage only considered 

inside the solution tank and refrigerant tank.  

 

The transient characteristics of electricity driven components such as solution pump and blower 

were not considered here. In addition, rectifier was also modelled in a steady state condition 

due to complexity involve to build rectifier transient model [85]. The complexity in the 

transient rectifier model was presence of the condensation of water droplets, two phase mixture 

and binary solution.  However, as far as system level analysis is concerned, it is fair to assume 

rectifier modelling as a steady state [85]. Rectifier steady state equations are presented in Table 

3-8.  

 

3.4.2 Desorber iterative solver 
 

Desorber was the most complicated component to solve mathematically in the transient model 

of the VARS.  Complexity involved in the desorber can be explained by presence of binary 

mixture, two-phase mixture, and desorption process. Viswanathan [1] and Venkataraman [4] 

developed a simplified desorber model for the system level analysis. Hence, a simplified 

desorber modelling approach was chosen in this study.   

 

Several assumptions were made for the desorber model which are as follows (i) saturated states 

and phase equilibrium condition were assumed and (ii) thermal capacitance of desorber wall 

and heated coupled fluid was considered, while it was neglected for NH3-H2O solution. In a 

simplified desorber model, desorber was divided into five discretised control volumes. The 



➢ Research Methodology 

91 

 

discretised control volume of the desorber is shown Figure 3-11. Energy, mass, and species 

conservation equations in each discretised volume are presented in Table 3-5.  

 

 

Figure 3-11 : Discretisation of desorber control volume. 

 

Table 3-5 : Equations for transient model of the desorber. 

𝑚
.

𝑙𝑖𝑞𝑢𝑖𝑑,𝑖 + 𝑚
.

𝑣𝑎𝑝𝑜𝑢𝑟,𝑖 = 𝑚
.

𝑙𝑖𝑞𝑢𝑖𝑑,𝑖+1 + 𝑚
.

𝑣𝑎𝑝𝑜𝑢𝑟,𝑖−1 

m
.

liquid,ixliquid,i + m
.

vapour,ixvapour,i = m
.

liquid,i+1xliquid,i+1 + m
.

vapour,i−1xvapour,i−1 

 

𝑚
.

𝑙𝑖𝑞𝑢𝑖𝑑,𝑖ℎ𝑙𝑖𝑞𝑢𝑖𝑑,𝑖 + 𝑚
.

𝑣𝑎𝑝𝑜𝑢𝑟,𝑖ℎ𝑣𝑎𝑝𝑜𝑢𝑟,𝑖 = 𝑚
.

𝑙𝑖𝑞𝑢𝑖𝑑,𝑖+1ℎ𝑙𝑖𝑞𝑢𝑖𝑑,𝑖+1 + 𝑚
.

𝑣𝑎𝑝𝑜𝑢𝑟,𝑖−1ℎ𝑣𝑎𝑝𝑜𝑢𝑟,𝑖−1 

(𝑚𝑐𝑝)𝐶𝐹,𝑖

𝑑𝑇𝐶𝐹,𝑖

𝑑𝑡
= 𝑚

.

𝐶𝐹𝑐𝑝,𝐶𝐹(𝑇𝐶𝐹,𝑖−1 − 𝑇𝐶𝐹,𝑖) − (𝑈𝐴)𝐶𝐹,𝑖(𝑇𝐶𝐹,𝑖 − 𝑇𝑤,𝑖) 

(𝑚𝑐𝑝)𝑤,𝑖

𝑑𝑇𝑤,𝑖

𝑑𝑡
= (𝑈𝐴)𝐶𝐹,𝑖(𝑇𝐶𝐹,𝑖 − 𝑇𝑤,𝑖) − (𝑈𝐴)𝑙𝑖𝑞𝑢𝑖𝑑,𝑖(𝑇𝑤,𝑖 − 𝑇𝑙𝑖𝑞𝑢𝑖𝑑,𝑖) 

 

A further detailed explanation on the desorber iterative solver is mentioned in Appendix D.  

 

3.4.3 Storage tank modelling  
 

The primary function of the storage tanks in the VARS is to maintain fluid inventory that serve 

as a buffer during transient phase of the system. For transient simulation, storage tanks can also 
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be treated as a component that governs the pressure of the system [77,85,101]. There are several 

assumptions were made to model the storage tanks which were as follows:  

• Fluid phase at the outlet of the storage tanks was always saturated liquid. 

• Vapour and liquid phases were always in thermodynamic equilibrium.  

• The fluid inside the storage tank was well mixed.  

• The high side and low side pressure of the system were governed by the refrigerant tank 

and the solution tank, respectively.  

• Heat transfer between storage tank and ambient was neglected.  

 

Ammonia concentration, specific internal energy and specific volume of the solution were used 

in the transient modelling to compute the temperature and pressure of fluids. Mass, 

concentration, and energy conservation equations as shown in Table 3-6 were applied to 

storage tanks  determine the accumulated mass (m), ammonia concentration (x), and specific 

internal energy of the fluids (U) inside the storage tank [85].  

 

Table 3-6 : Equations for transient model of storage tanks.  
dm

dt
= ṁin − ṁout 

d(mx)

dt
= ṁinxin − ṁoutxout 

dU

dt
= ṁinhin − ṁouthout 

 

 

Once above three differential equations were resolved for both tanks, high side and low side 

pressure were determined from NH3-H2O property data using three independent parameters, 

concentration (x), specific volume (v) and specific internal energy (U). The specific volume of 

the fluid was determined by diving tank volume to accumulated mass in the tank. The equations 
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to determine pressure and temperature of fluid in the storage tanks are shown in Appendix D. 

Solution and refrigerant tank properties are shown in Table 3-7.  

 

Table 3-7 : Solution and refrigerant tank properties.  

Parameters  Value Reference  

Solution tank volume (m3) 0.005 

 

[85] 

 

Refrigerant tank volume (m3) 0.005 

Mass of solution in solution tank (kg) 1.25 

Mass of solution in refrigerant tank (kg) 1.25 

Initial ammonia concentration in refrigerant tank 0.61 

Initial ammonia concentration in solution tank 0.61 

 

3.4.4 Expansion valve modelling 
 

Refrigerant mass flow through the expansion valve (ṁrefrigerant,valve) was computed using a 

coefficient (Cvalve) of valve and pressure difference across the expansion valve using eqn.3.23  

ṁrefrigerant,valve = Cvalve ⋅ √Phigh − Plow 
3.23 

 

The steady state pressure values and mass flow of refrigerant from the steady state were used 

to determine Cvalve. The Cvalve  was determined to be 4.2E-6 kg/s Pa0.5 for the transient 

analysis. The expansion valve that connects absorber and SHX was considered as a simple flow 

valve. It only reduced the pressure without affecting the mass flow  of the fluid [85,90]. 

  

The radiator (ambient air heat exchanger) is one of the existing components of the vehicle 

architecture, hence this would not add any additional component on-board. Therefore, this 

study did not consider transient of the ambient air heat exchanger which is shown in Figure 

3-8. The required air flow to radiator/ ambient air HX was determined with the steady state 

analysis and supplied to the transient model. 
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3.5 Transient Modelling of Refrigerated Cabinet  
 

To develop a generic transient model to predict the transient performance of the refrigerated 

cabinet, a zero-dimensional lumped model approach was adopted here. Thermal transient of 

the refrigerated cabinet was determined by using eqn.3.24.   

 (mcp)RC

dTRC

dt
= Q̇loss − Q̇evaporator 

3.24 

where,  

 (mcp)RC       Thermal capacitance of the refrigerated cabinet (kJ/K).  

 TRC              Temperature of refrigerated cabinet (K).  

Q̇evaporator          Heat load of evaporator (kW). 

 

Figure 3-12 : A schematic to predict heat losses in refrigerated cabinet.  

 

Here, Q̇loss is the heat loss from the refrigerated cabinet, which is nothing but refrigeration 

demand load of the cabinet. It was not easy to determine thermal capacitance ( (mcp)RC) of the 

refrigerated cabinet as it is made from different materials such as fibreglass, polyurethane foam, 

and wooden and metal localised reinforcement [102]. Artuso et al. [102] carried out detailed 

transient analysis of refrigerated cabinet with dimensions of 2×3×2 m (H×L×W). Authors have 

mentioned detailed procedure to determine the thermal capacitance of the refrigerated cabinet. 
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In this study, thermal capacitance value of the refrigerated cabinet of 632.3 kJ/K was taken 

from study carried out by Artuso et al. [102]. 

 

3.6 VARS Steady-state Methodology 
 

Thermodynamic steady state modelling is required to determine the various performance 

parameters such as heat exchanger UA values, mass and energy flows at different state point, 

and COP. Therefore, this section of the chapter represents the steady state analysis 

methodology of the VARS. In steady-state analysis, mass and energy conservation equations 

were applied between inlet and outlet of each heat exchanger as shown in eqn.3.8 to eqn. 3.10, 

respectively. The steady state mass and energy conservation equation for the different 

components is mentioned in the  Table 3-8.  The state points in Table 3-8 are according to 

Figure 3-8  Refrigerant vapour and solution state at desorber and rectifier outlet was assumed 

saturated in steady state analysis. Also, refrigerant phase at the outlet of condenser and 

evaporator was assumed saturated liquid and vapour, respectively.  The refrigerant and solution 

storage tanks were neglected in the steady state analysis.  

 

. Table 3-8 : Equations used in steady-state thermodynamic modelling of VARS. 

Absorber 

ṁ1 = ṁ16 + ṁ9  

ṁ1x1 = ṁ9x9 + ṁ16 x16 

ṁ27 = ṁ28 

Q̇absorber = ṁ1h1 − ṁ16h16 − ṁ9 h9 

Q̇absorber = ṁ23cp,CF,absorber(T28 − T27) 

Desorber 

ṁ6 + ṁ31 = ṁ10 + ṁ7 

ṁ6x6 + ṁ31x31 = ṁ10x10 + ṁ7 x7 

Q̇desorber = ṁ7h7+ṁ10h10 − ṁ6h6 − ṁ31 h31 

ṁ17 = ṁ18 

Q̇desorber = ṁ17cp,CF,desorber(T17 − T18) 
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Rectifier 

ṁ10 = ṁ11 + ṁ31 

ṁ10x10 = ṁ11x11 + ṁ31 x31 

Q̇rectifier = ṁ10h10 − ṁ11h11 − ṁ31 h31 

ṁ3 = ṁ4 

Q̇rectifier = ṁ3(h4 − h3) 

Condenser 

ṁ11 = ṁ12 

Q̇condenser = ṁ11(h11 − h12) 

ṁ23 = ṁ24 

Q̇condenser = ṁ23cp,CF,condenser(T24 − T23) 

RHX 

ṁ12 = ṁ13 

Q̇RHX = ṁ12(h12 − h13) 

ṁ15 = ṁ16 

Q̇RHX = ṁ15(h16 − h15) 

Evaporator  

ṁ14 = ṁ15 

Q̇evaporator = ṁ14(h15 − h14) 

ṁ29 = ṁ30 

Q̇evaporator = ṁ29cp,CF,evaporator(T29 − T30) 

SHX 

ṁ5 = ṁ6 

Q̇SHX = ṁ12(h5 − h6) 

ṁ7 = ṁ8 

Q̇SHX = ṁ15(h7 − h8)] 

Solution pump (sp) 
Psp =

ṁ2v2 
ΔPsp

ηsp
 

ṁ1 = ṁ2 

Refrigerant expansion valve (REXP) 
ṁ13 = ṁ14 

h13 = h14 

Solution expansion valve (SEXP) 
ṁ8 = ṁ9 

h8 = h9 

Ambient air HX  (ahx) 

ṁ26 = ṁ23 

Q̇ahx = ṁ26cp,26(T26 − T23) 

ṁ32 = ṁ33 

Q̇ahx = ṁ32cp,32(T33 − T32) 

Coolant pump 
Pcp =

ṁ26v26 
ΔPcp

ηcp
 

ṁ25 = ṁ26 

Ambient air HX blower (ahxb) 
Pahxb =

ṁ32v32 
ΔPahxb

ηahxb
 

ṁ32 = ṁ33 

Evaporator air blower (eab) 
Peab =

ṁ31v31 
ΔPeab

ηeab
 

ṁ31 = ṁ29 

 

where P   Electric power needed to operate a component (kW) 
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Efficiency and pressure drop for the VARS components are shown in Table 3-9. 

 

Table 3-9 : Efficiency and pressure drop for the VARS components. 

Parameter Value Reference 

Coolant pump efficiency (%) 70 [97] 

Blower efficiency (%) 70 [103] 

Pressure drop for ambient air HX blower ( ΔPahxb) (kPa) 0.5 [104] 

Pressure drop for coolant pump (ΔPcp) (kPa) 5 Design parameter 

Pressure drop for evaporator blower ( ΔPeab) (kPa) 0.5 [104] 

 

 There are two mostly used method to predict the heat exchanger performance, namely: Log 

Mean Temperature Difference method (LMTD) and effectiveness approach [91] [105]. The 

effectiveness approach is only valid for the heat exchanger with the single phase as it considers 

heat capacity rates (ṁcp) of both hot and cold fluid. Heat capacity does not remain constant 

when fluid phase change takes place inside the heat exchanger. Therefore, heat exchangers 

(desorber, absorber, condenser and evaporator) with the phase change were solved by LMTD 

method and heat exchangers (SHX, RHX, and ambient air HX) with single phase were solved 

by the effectiveness approach [92]. The effectiveness approach is already mentioned in section 

3.1.2.1 (eqn.3.1 to eqn.3.4), hence it is not mentioned here. The closest approach temperature 

(CTA) is one of the crucial input parameters in the LMTD method to determine UA values for 

heat exchanger. The CTA is defined as the minimum temperature difference between hot fluid 

and cold fluid at the inlet or outlet, as relevant [46]. The CTA values for the different 

component of the VARS for the modelling were adopted from the study carried out by Staedter 

[106] which is shown in Table 5-2. The LMTD (ΔTlm) for the counter-flow heat exchanger is 

determined using eqn.3.25. The CTA value determined heat load (�̇�) and ΔTlm value for 

individual heat exchanger. Once both these values are determined, UA value was found with 

eqn.3.5. to determine Once the required UA is determined, required surface area (A) was 
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determined by having known values of heat transfer coefficient (U) as mentioned Table 3-4. 

The surface area per sheet mentioned in Table 3-4 and total surface area required led to number 

of sheets required.  

 

ΔTlm =
(THot, out − TCold,in) − (THot, in − TCold, out )

ln [
(THot,out − TCold,in)

(THot,in − TCold,out)
]

 
3.25 

  

The COP of the VARS is the ratio of obtained refrigeration effect in the evaporator to the heat 

supplied to the desorber and work required to drive the solution pump. eqn. 3.26 represents the 

COP of the absorption refrigeration system.   

COP =
Q̇evaporator

Q̇desorber + Psp

 
3.26 

 

3.7 SOFC System Modelling 
 

3.7.1 SOFC stack modelling  
 

The electrochemical reactions taking place at anode and cathode are shown in eqn.3.27 and 

eqn.3.28, respectively [107].  

H2 → 2H+ + 2e− 3.27 

1

2
O2 + 2e− → O−2 

3.28 

 

Produced oxide ions (O−2) are diffused to the anode from the cathode through the dense 

electrolyte layer and react with hydrogen ions (H+) which produces water at the anode 

interface. The overall electrochemical reaction is shown in eqn.3.29.  
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H2 +
1

2
O2 → H2O          ΔHOX

0 =-241.8 kJ/mol 3.29 

 

Oxidation of carbon monoxide (CO) at the anode is possible as shown in eqn.3.30 when the 

SOFC is fuelled with hydrocarbon fuels. However, it is found that electrochemical oxidation 

of CO is two to five times slower compared to the electrochemical oxidation of H2 [10] . It 

facilitates the dominant pathway to rapid WGS reaction to consume carbon monoxide. Thus, 

the electrochemical oxidation of CO was not considered in this study.  

 

CO + O2− → CO2 + 2e− 3.30 

 

The maximum electrical work generated by the SOFC is determined by computing the change 

in the Gibbs free energy of the electrochemical reaction (Δ𝐺OX
0 )  at standard state pressure (1 

atmospheric) shown in eqn.3.29. The change in Gibbs free energy of eqn.3.29 is determined 

by eqn.3.31.  

Δ𝐺OX
0 = (𝐺𝐻2𝑂

0 ) − (𝐺𝐻2

0 +
1

2
𝐺𝑂2

0 ) 
3.31 

where, 𝐺0is the standard molar Gibbs free energy (J/mole) which was determined by using 

eqn.3.32.   

𝐺0 = h − Ts 

where,  

3.32 

h   Molar specific enthalpy (J/mole), 

s   Molar specific entropy (J/mole K) and  

T   Absolute operating temperature (K).  
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The reversible open circuit voltage (E0) of the SOFC was determined by computing change in 

Gibbs free energy (Δ𝐺OX
0 ) of eqn.3.29 as shown in eqn.3.33 [108]. This is the maximum 

possible cell voltage without any irreversible losses.  

E0 =
−Δ𝐺OX

0

n. F
 

3.33 

where, 

n    Number of electrons transferred in electrochemical reaction (n=2 for eqn.3.29).  

F    Faraday constant (96485C.mol-1). 

 

VNernst is the maximum theoretical voltage that can be obtained by fuel cell operation which is 

determined by eqn.3.34 [70]. It considers a change in Gibbs free energy of the electrochemical 

reaction, operating temperature, and pressure.  

VNernst = E0 −
R ⋅ T 

n ⋅ F
⋅ ln (

pH2O

pH2
⋅ pO2

1/2
) 

3.34 

where, 

 R                              Universal gas constant (8.314 J/mole K),  

pH2O, pH2
, and pO2

   Partial pressure (bar) of gas species. 

 

 

The actual SOFC operating voltage is always lower due to irreversibilities and losses that occur 

during the electrochemical reaction. The actual SOFC operating voltage (Vcell) can be 

determined using eqn.3.35 [109] . 

 

Vcell = VNernst − Vact − Vconc − Vohm 3.35 

where, 

Vact   Activation loss (V) 

Vconc  Concentration loss (V) 

Vohm  Ohmic loss (V) 
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The activation loss (Vact) is the summation of anode and cathode activation over potential. 

Activation polarisation relates to voltage over-potential needed to overcome the activation 

energy at the catalytic interface. [110]. The activation loss is dominant at lower current density. 

However, due to the high SOFC operating temperature, the activation loss magnitude is 

significantly lower compared to concentration and ohmic loss [111]. The concentration loss 

(Vconc) occurs preliminary due to the change in concentration of the reactants during the 

electrochemical reaction. At a higher fuel utilisation, the concentration loss increases 

significantly. The Ohmic loss (Vohm) is primarily attributed to resistance to the flow of ions 

and electrons through the electrolyte, interconnectors, anode and cathode [111].  

 

Mathematical modelling of the operating voltage losses requires anode, cathode and electrolyte 

material details. In addition, it is also essential to feed various parameters of the cell and 

material properties such as transport resistance, total electrical resistance, anode, and cathode 

exchange current density to the simulation tool [112]. All these input parameters vary 

significantly regarding the type of SOFC assumed in the simulation. In order to build a generic 

and versatile SOFC system model, it is required to build a model with minimal inputs. The 

area-specific resistance (ASR) is a standard measuring tool to determine electrochemical 

system performance. The ASR approach does not need geometrical parameters and material 

properties [70,113]; hence it is often used for the system-level analysis rather than detailed 

electrochemical analysis of the fuel cell systems. A typical I-V curve illustrated by Noponen 

et al [114] (Figure 3-13 (a)) and Lim et al [115] for SOFC operating with natural gas is shown 

in Figure 3-13 (b). It was observed that the substantial part of the I-V curve is a linear portion 

which represents the dominancy of the ohmic resistance.  
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(a) (b) 

Figure 3-13 : A typical J-V curve for SOFC stack operating with natural gas. 

 

Few literatures also defined ASR as an internal resistance, which can be determined by 

eqn.3.36 [116,117]. It represents all voltage losses (ohmic, activation and concentration losses) 

that occurred at the specific operating point and conditions [117]. However, to maintain 

consistency, internal resistance was defined as an ASR in this study, as shown in eqn.3.36.  

ASR =
VOCV − V

j
 

3.36 

where, 

 VOCV   Open circuit voltage (V) (voltage when no current is being drawn from the cell/stack)  

V         Operating voltage (V) 

j          Operating current density (A/cm2). 

 

There were number of ASR values reported in the literature for SOFC stack which is shown in 

Table 3-10. The ASR value used in this study is mentioned in sub-section of 5.3.2.2.  Cell ASR 

values are not reported here as Stack ASR values are always higher compared to scaled-up cell 

ASR values due to additional losses that occur due to interconnects, current collectors, and 

other components in the current flow path, which are not considered for computing cell ASR 

values.  
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Table 3-10 : Different ASR values reported in literature studies.  

Stack operating 

temperature (ºC)  

ASR value (ohm/cm2) Reference  

636  0.8 [114] 

800 0.29 [116] 

800 0.38 [115] 

830 0.5 [118] 

850 0.98 [119] 

850 0.78 [120] 

850 1.19 [121] 

860 0.65 [122] 

 

Most literature  [68,70,116,123,124] define ASR as a function of temperature. This is due to 

the remarkable changes in the characteristics of the SOFCs with temperature. Therefore, the 

ASR is usually implemented as a function of the temperature. The ASR can be linear, 

exponential or any user-defined function of the temperature. However, eqn.3.37 is widely used 

to describe the ASR as a function of temperature [68,116].  

 

ASR(Tstack) = ASR0 exp [
EA

R
(

1

Tstack
−

1

T0
)] 

3.37 

 

EA is Activation energy of the electrochemical reaction (0.65 eV) [68], T0 is Reference 

temperature (K), ASR0 is Stack ASR at  T0 reference temperature. Tstack is an average stack 

temperature (K).  

 

The available cell voltage (Vcell) is given by eqn.3.38 [68,116]. 

Vcell = VNernst − ASR ∗ j 3.38 
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Only three parameters ( VNernst, ASR, and j) are needed to calculate cell voltage using eqn.3.38. 

Hence, the ASR approach reduces the complexity involved in an SOFC operating voltage. 

However, the ASR approach is only valid for 80 to 85 % fuel utilisation. This is due to the 

increased value of the concentration losses with higher fuel utilisation which the ASR approach 

cannot represent [125]. Therefore, the maximum fuel utilisation was restricted to 80 % in this 

study. 

 

The next important step in the modelling was to determine the reaction rate of different 

chemical reactions taking place inside an SOFC. This study considers, SOFC operation with 

direct internal reforming concept. Methane and steam react in the presence of a nickel catalyst 

to produce a hydrogen-rich gas mixture as shown in Figure 3-14.  

 

 

Figure 3-14 : Schematic diagram of SOFC with DIR[73]. 

 

The SMR chemical reaction is shown in eqn.3.39. CO is a by-product of SMR which 

catalytically converts to CO2 in presence of steam and generates an additional amount of H2, 

as shown in eqn.3.40. SMR is an endothermic reaction, and WGS is an exothermic reaction. 
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The standard enthalpies of formation of both these reactions are shown in eqn.3.39 and 3.40, 

respectively. 

  

CH4 + H2O ↔ CO + 3H2 (steam methane reforming ) ΔH𝑆𝑀𝑅
0 = 206.1kJ/mol  3.39 

CO + H2O ↔ CO2 + H2 (water gas shift reaction)           ΔH𝑊𝐺𝑆
0 = −41.1 kJ/mol 3.40 

H2 +
1

2
O2 ↔ H2O (electrochemical hydrogen oxidation) ΔHOX

0 = −241.8 kJ/mol 3.41 

 

The gas concentration in the anode section changes due to simultaneously occurring chemical 

reactions of SMR, WGS and H2 oxidation [126]. However, the gas composition of the air in 

the cathode section only changes due to electrochemical H2 oxidation as shown in eqn.3.41. It 

was necessary to determine the reaction rate of SMR, WGS and H2 oxidation to compute gas 

composition at the outlet of anode and cathode sections of an SOFC. The reaction rate of the 

electrochemical H2 oxidation (ṙox) was determined using eqn.3.42 [127]. 

ṙox =
I

2F
 

3.42 

where I  Operating current (A) 

 

The most frequent equation used to determine SMR reaction rate (ṙSMR) is shown in eqn.3.43 

[10,12,128,129].  

ṙSMR = k0pCH4
exp (

−EA

RT
) A 

3.43 

where, 

 k0     Pre-exponential factor (4274 mol/s-m2 bar). 

 pCH4
  Partial pressure of methane (bar). 

A        Reforming reaction surface area (m2).   

EA      Activation energy of the SMR (82 kJ/mol) 
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The above equation only applies to specific nickel-cermet anode material; hence it was not a 

preferred option for the generic SOFC model. In addition, the 0-D modelling approach cannot 

accurately predict the CH4 partial pressure, which may lead to a higher degree of error in the 

final modelling results. Several works of literature assumed complete conversion of the 

methane at the anode section of the stack [70,130]  while literature sources considered 

equilibrium conditions for the SMR reaction [109,111,113,127,131–135] to build a 0-D SOFC 

mathematical model. The SMR reaction rate dramatically relies upon the operating 

temperature. In this study, the temperature is one of the varying input parameters for the 

parametric study. Complete conversion of methane may not be a legit assumption under 

different operating conditions for the parametric analysis. Therefore, the SMR reaction rate is 

determined with the help of an equilibrium assumption. The WGS reaction is rapid along the 

anode channel length due to the enhanced activity of the catalyst material at high SOFC 

operating temperature. Therefore, most literatures [109,111,113,127,131–135]  considered 

equilibrium conditions to determine the WGS reaction rate( ṙWGS). The equilibrium constant 

for the WGS and SMR reactions were determined using equations highlighted in Table 3-11.  

 

Table 3-11 : SMR and WGS equilibrium constant equations. 

Equations  Abbreviations 

kWGS =
ṅCO2,out,SOFC

ṅH2,out,SOFC

ṅCO,out,SOFCṅH2O,out,SOFC
 kSMR SMR equilibrium constant  

kSMR =
ṅco,out,SOFCṅH2,out,SOFC

3

ṅCH4,out,SOFC
ṅH2O,out,SOFC

 kWGS WGS equilibrium constant  

ln (kWGS) =
−∆G𝑊𝐺𝑆

0

RTs
 ∆G𝑊𝐺𝑆

0  
Change in Gibbs free energy of 

WGS reaction (J/mol) 

ln (kSMR) =
−∆G𝑆𝑀𝑅

0

RTs,
 

∆G𝑆𝑀𝑅
0  

Change in Gibbs free energy of 

SMR reaction (J/mol) 

Ts Stack temperature (K) 

 

The calculations of the molar flow of different gas species at the outlet of an SOFC anode and 

cathode channels are presented in Table 3-12.  
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Table 3-12 : Equations to determine molar flow at SOFC outlet.  

ṅCH4out,SOFC = ṅCH4in,SOFC − ṙSMR 

ṅH2Oout,SOFC = ṅH2Oin,SOFC − ṙSMR − ṙWGS + ṙox 

ṅCOout,SOFC = ṅCOin + ṙSMR − ṙWGS 

ṅCO2out,SOFC = ṅCO2in,SOFC + ṙWGS 

ṅH2out,SOFC = ṅH2in,SOFC + 3ṙSMR + ṙWGS − ṙox 

ṅN2out,SOFC = ṅN2in,SOFC 

ṅO2out,SOFC = ṅO2in,SOFC −
ṙox

2
 

 

3.7.2 SOFC stack thermal dynamics 

 

Several assumptions were made in the current study to formulate the SOFC stack/system model 

as follows: 

1.  VNernst is determined by the average partial pressure of gas species (average partial 

pressure between SOFC inlet and outlet section) and SOFC stack outlet temperature 

[70]. 

2. All gases are considered ideal gas mixtures due to lower pressure operation (close to 1 

bar)  [124].  

3. The specific heat of the gases in the fuel cell channel is assumed negligible compared 

to specific heat of the SOFC components [76].  

4. Uniform temperature and current density distribution along all stack directions. 

5. Distribution of the gases was assumed uniform in the stack and among the channels in 

each cell.  

6. Radiation heat transfer was neglected. 

7. The transient analysis only considered the thermal dynamics, mass dynamics were not 

considered as they are rapid. 
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8. This analysis did not consider the transient characteristics of the work-driven 

components (blowers, pumps). 

9. Different sub-components of the stack (anode, electrolyte, cathode and interconnector) 

possess the same temperature at any instance. 

10. Gas crossover between anode and cathode was neglected.  

11. Fluid and solid temperatures are identical at the outlet a component. 

12. Outlet fluid temperature was considered as the state variable of thermal transient 

13. Gas species were considered in chemical equilibrium at the outlet of each system 

component  

 

Energy conservation equation between SOFC inlet and outlet can be applied by eqn.3.44. 

(mcp)
s

dTs

dt
= ∑ṅi

in ∫  
Tin 

Tref

Cp,i(T)dT − ∑ṅi
out ∫  

Ts

Tref

Cp,i(T)dT − PSOFC − Q̇SOFC − Q̇loss  
3.44 

i = [CH4, H2, H2O, CO2, CO, O2, N2] 

where,  

Cp,i  Specific heat of the gas species (J/mol K) 

ṅ Molar flow (mol/s) 

Tin  Inlet temperature of fluid stream (K) 

Tref  Reference temperature (298 K) 

(mcp)s  Thermal capacitance of the stack (J/K) 

PSOFC  Electrical power produced by SOFC (W) 

Q̇SOFC  Heat generated in the SOFC (W) 

Q̇loss  Heat loss to ambient (W) 

 

In this study, the mass of the SOFC stack and the surface area are taken from the commercially 

available SOFC stack [4]. The commercially available 3 kW SOFC stack weighs around 30 kg 
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with dimensions of 190 (W)×230 (L)×280 (H) [4]. The mass and surface area of the stack in 

the analysis was linearly scaled up according to stack power capacity. The specific heat of the 

SOFC stack was taken as 500 J/kg K [136]. 

 

Exothermic electrochemical and WGS reactions generates excess heat inside the SOFC stack. 

The endothermic SMR reaction utilises heat produced within the stack, and the remaining heat 

is absorbed by the gas species flowing inside the SOFC stack. Net generated heat from the 

electrochemical reaction was defined by eqn.3.45. Values of  ∆Hoxidation  and ∆HWGS are 

negative in eqn.3.45.  

Q̇SOFC = −ṙox∆Hoxidation − ṙSMR∆HSMR − ṙWGS∆HWGS 

 

3.45 

Electric power generated by SOFC stack is determined by eqn.3.46.  

Pelectric = IVcellNcell 3.46 

where, Ncell   Number of cells in stack.  

 

Heat losses from the stack to environment was computed using eqn.3.47. Figure 3-15 depicts 

the temperature profile along the SOFC stack and insulation case during. Usually, it is assumed 

that the insulation's inner temperature is approximately similar to the stack temperature to make 

mathematical calculation simple[137]. Conduction heat transfer from the insulation case to 

outer air is not usually considered due it its negligible value [138,139].   

Q̇loss =
Ts − T0

Rtotal 

 
3.47 

where,  

T0        Ambient temperature, and    &    Rtotal    Heat resistance (K/W).  
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Figure 3-15 : Temperature profile during cool down [138].  

 

Heat losses from stack to ambient encounter two heat resistance: conduction resistance through 

the insulation case (Rinsl,wall) and convection resistance outside ambient air (Rconv ). Equations 

to determine heat loss from the stack is mentioned in Table 3-13.   

 

Table 3-13 : Equations to determine heat loss from the SOFC stack. 

Equations  Abbreviations 

Rtotal = Rconv + Rinsl,wall kins   Insulation thermal conductivity 

(W/m K) 

Rconv =
1

hconvAsurf
 

tinsl   Insulation thickness (m) 

Rinsl,wall =
1

kins

tinsl
Asurf

 
Asurf   Surface area (m2) 

hconv  Heat transfer coefficient of outer air 

(W/m2 K). 

 

Heat losses from the SOFC stack to the insulation case (outer surface) dramatically rely upon 

the insulation thermal conductivity and thickness of the insulation material. The ratio 

of insulation thermal conductivity to thickness is also defined as thermal conductance 
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(cinsl) which was taken as the input parameter for the parametric study. This study is focused 

on automotive transportation, where fast heat-up is one of the requirements, lower heat loss 

from SOFC stack makes heat-up of the system faster. Therefore, heat losses should be 

minimised, which can be achieved with a low value of cinsl. In this study, the value is chosen 

as 0.2 W/m2 K [139].  

 

The surface area of the burner, CPOX reformer, and heat exchangers was required to estimate 

the heat loss from the different SOFC system components. The surface area greatly relies on 

the component dimensions, and there is a lack of data available in the literature for the BoP 

component dimensions. Therefore, a generic approach was adopted in the study to determine 

heat loss form BoP components. Cirici [140] determined heat loss from different BoP 

components as shown in Table 3-14 for the natural gas fuelled 12.5 kW of SOFC system. The 

heat loss was scaled linearly with reference to the SOFC system power capacity. All hot 

components of the SOFC system are well insulated, hence heat loss does not vary significantly. 

Therefore, it was fair to predict the heat loss with linear corelation to system power capacity. 

This simplified approach was the best choice to develop a generic SOFC system model for a 

system level analysis.  

 

Table 3-14 : Heat loss in BoP components determined by Cirici [140]. 

BoP component Heat loss (W) 

Air heat exchanger 134 

Fuel heat exchanger 91 

Burner 386 

Reformer 55 

 

The fuel utilisation (UF) is a key input parameter to simulate the SOFC system. In this study, 

the fuel utilisation of the SOFC was defined as shown in eqn.3.48 [10,141].  
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UF =
moles of fuel reacted

moles of fuel supplied
=

ṙox

(4ṅCH4
+ ṅCO + ṅH2

)stack,inlet
 

3.48 

 

It is common practice with SOFC operation to feed excess air to the SOFC to absorb heat 

released by the exothermic reaction. The excess air ratio (λO2
) determines the amount of excess 

air supplied to the SOFC, which was calculated by eqn.3.49.  

λO2
=

 Oxyegn moles supplied with air 

 Oxygen moles needed for electrochemical reaction 
=

(ṅO2
)stack,inlet

0.5ṙox
 

3.49 

 

Excess air ratio greatly relies upon allowable temperature gain across the SOFC stack. The 

typical allowable temperature gain across the SOFC stack (dTstack) ranges from 100°C to 

150°C. The higher the excess air ratio, the lower the temperature gain across the SOFC stack. 

SOFC operating point with higher excess air ratio also increases blower power, eventually 

reducing the SOFC system efficiency. 

 

3.8 SOFC System - BoP Component Modelling 

 

Anode off-gas recycling (AOGR) is most adopted SOFC system layouts [135], as shown in 

Figure 3-16.  The main components of SOFC system layouts are: SOFC stack, air heat 

exchanger, fuel heat exchanger, air blower, recirculation blower, and oil heat exchanger (for 

waste heat recovery) to drive the VARS. Methane fuel and air were preheated in the fuel and 

air heat exchangers via heat extracted from the afterburner exhaust gases. This hot fuel was 

supplied to the anode and preheated air was supplied to the cathode.  A DC current was 

generated by the electrochemical reaction between air and fuel. The unreacted fuel leaving the 

anode and the excess air exiting at the cathode are directed towards the afterburner, where 
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complete combustion takes place, and the exhaust is used to preheat the inlet fuel and air of the 

SOFC. The AOGR SOFC system recovers super-heated steam from the recirculated anode-off 

gas mixture. Heshmat and Cordova [142] developed an ultra-high temperature recirculation 

lower (up to 700°C) for SOFC systems. Therefore, in this study an ultra-high temperature 

recirculation blower was considered to recirculate the anode off-gas mixture. 

 

 

Figure 3-16 : SOFC system with AOGR layout. 

 

The recirculation ratio (RR) was the most important parameters for SOFC AOGR layout. The 

recirculation ratio is the ratio of molar flow recirculated anode-off gas (ṅrecirculated ) to molar 

flow of total anode-off gas (ṅanode off−gas) which is defined by eqn.3.50.  

RR =
ṅrecirculated 

ṅanode off−gas
 

3.50 
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The AOGR layout demonstrated several advantages as follows: 

1. AOGR provides H2 fuel at the SOFC anode inlet, which is advantageous, especially 

with DIR. It generates a uniform current density distribution and minimises the 

temperature gradient magnitude  [141]. In addition, the presence of recirculated H2 and 

CO2 also reduces the risk of carbon formation with DIR SOFC concept [141].  

2. Braun [10] concluded that the AOGR system layout with DIR lowered air requirements 

for SOFC system (up to 7 %). It also reduces the parasitic losses from the SOFC system 

which improved overall efficiency of the system. 

 

3.8.1 CPOX reformer  

 

The hydrocarbon fuelled SOFC system requires steam for the SMR and WGS reaction. As far 

as nominal operation is concerned, anode off-gas recirculation provides enough steam for SMR 

and WGS reactions. However, fresh steam requires during the start-up phase of the SOFC 

system. It is not feasible to equip SOFC systems with continuous fresh steam supply 

mechanisms for automotive transportation. As far as the automotive application is concerned, 

a CPOX reformer is often equipped in the SOFC system to make the SOFC star-up phase water 

neutral [74,143]. As mentioned in the literature review chapter that the CPOX reformer requires 

only oxygen and methane to produce a syngas mixture. Therefore, CPOX looks attractive 

option for SOFC automotive applications. CPOX reformer needs to operate until enough steam 

is available in the recirculate off-gas to initiate SMR and WGS reaction inside the SOFC stack. 

Once enough steam would available, the CPOX reformer can be deactivated, and the SOFC 

stack can operate with DIR. The CPOX reformer is not depicted in Figure 3-16 as CPOX 

reformer was not activated during nominal operation of the system. More details on CPOX 

reformer operation are presented in the transient analysis chapter (Chapter 6:).  



➢ Research Methodology 

115 

 

 

Figure 3-17 : Schematic diagram of CPOX reformer. 

 

A mathematical model was built based on a similar approach as demonstrated by Pukrushpan 

et al.[144] and Zhu et al. [145]. Various chemical reactions occur inside the CPOX reformer, 

depending on several input parameters. The essential reactions are highlighted in Table 3-15 

with their standard enthalpy of formation values. There are mainly four reactions taking place 

inside the CPOX reformer, namely (i) partial oxidation of methane (POX) (ii) total oxidation 

of methane (TOX) (iii) hydrogen oxidation (HOX) and (iv) carbon monoxide oxidation (COX).  

 

Table 3-15 : CPOX reactions [146].  

Reaction name Reaction equation Enthalpy of reaction 

POX CH4 + 0.5O2 → CO + 2H2 ΔHPOX
0 = −36 kJ/ mol 

TOX CH4 + 2O2 → CO2 + 2H2O ΔHTOX
0 = −802.6 kJ/mol 

HOX 2H2 + O2 → 2H2O ΔHHOX
0 = −483.6 kJ/mol 

COX 2CO + O2 → 2CO2 ΔHCOX
0 = −566 kJ/mol 

 

The reaction rate of all these different chemical reactions depends upon the CPOX reformer 

temperature and oxygen-to-carbon ratio (λO2C) in fuel feed stream. The λO2C ratio defines the 

molar ratio of oxygen to CH4 entering the CPOX reformer. λO2C was defined using eqn.3.51.  

λO2C =
ṅO2,CPOX.in

ṅCH4,CPOX.in
 

3.51 
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Table 3-16 : CPOX reaction equilibrium constant equations. 

kPOX =
ṅCO,CPOX.outṅH2O,CPOX.out

2

ṅCH4,CPOX.outṅO2,CPOX.out
0.5 

kTOX =
ṅCO2CPOX.outṅH2O,CPOX.out

2

ṅCH4,CPOX.outṅO2,CPOX.out
2  

kHOX =
ṅH2O,CPOX.out

2

ṅO2,CPOX.outṅH2,CPOX.out
2 

kCOX =
ṅCO2CPOX.out

2

ṅO2,CPOX.outṅCO,CPOX.out
2 

ln (kPOX) =
−∆G𝑃𝑂𝑋

0

RTCPOX,ref
 

ln (kTOX) =
−∆G𝑇𝑂𝑋

0

RTCPOX,ref,
 

ln (kHOX) =
−∆G𝐻𝑂𝑋

0

RTCPOX,ref
 

ln (kCOX) =
−∆G𝐶𝑂𝑋

0

RTCPOX,ref
 

 

Most literature studies considered equilibrium conditions to compute the reaction rate of CPOX 

reactions [144–147]. Therefore, in this study, equilibrium conditions were assumed for all four 

chemical reactions highlighted in Table 3-15. The equilibrium constant for all four chemical 

reactions was computed by using equations displayed in Table 3-16.  

 

Molar flow of different gas species leaving the CPOX reformer is presented in Table 3-17.  

 

Table 3-17 : Equations to determine molar flow rate at CPOX reformer outlet. 

ṅCH4,CPOX.out = ṅCH4,CPOX.in − ṙPOX − ṙTOX 

ṅCO,CPOX.out = ṙPOX − 2ṙCOX 

ṅH2,CPOX.out = 2ṙPOX − 2ṙHOX 

ṅH2O,CPOX.out = 2ṙTOX + 2ṙHOX 

ṅCO2CPOX.out = ṙTOX + 2ṙCOX 

ṅO2,CPOX.out = ṅO2,CPOX.in − 0.5ṙPOX − 2ṙTOX − ṙHOX − ṙCOX 

ṅN2,CPOX.out = ṅO2,CPOX.in

79

21
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Energy conservation equation between CPOX reformer inlet and outlet was applied using 

eqn.3.52 

(mcp)CPOX,ref

dTCPOX,ref

dt
= ∑ṅi

in ∫  
Tin 

Tref

Cp,i(T)dT − ∑ṅi
out 

× ∫  
TCPOX,ref

Tref 

Cp,i(T)dT − Q̇CPOX,ref − Q̇loss

 

3.52 

i = [CH4, H2, H2O, CO2, CO, O2, N2] 

where, 

(mcp)CPOX,ref  Thermal capacitance of CPOX reformer bed  

 

Heat released by exothermic chemical reactions inside CPOX reformer (Q̇CPOX,ref) was 

determined using eqn.3.53. 

Q̇CPOX,ref = −ṙPOX∆HPOX − ṙCOX∆HCOX − ṙHOX∆HHOX − ṙTOX∆HTOX 

 

3.53 

 

Holtappels et. al. [148] demonstrated CPOX reformer with weight of 20 kg for the 50 kW of 

SOFC system The mass of the CPOX reformer was scaled up linearly according to the nominal 

power of the SOFC system considered in this study. The specific heat of CPOX reformer is 

taken as 500 J/kG K [136].  

 

3.8.2 Heat exchangers  

 

A zero heat capacity approach was adopted for transient analysis of the heat exchanger [149]. 

In this approach, the thermal capacitance of the solid heat exchanger is added to the hot fluid 

side. It was assumed that the change in hot and cold fluid temperature was liner along the heat 
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exchanger [150]. The energy conservation equations for the hot and cold fluid side are 

presented in eqn.3.54 and eqn.3.55, respectively [70] 

 

((mcp)HE + (mcp)hf) ⋅
dThf, out 

dt
= ṁhfcp,hf(Thf, in − Thf, out ) − Q̇ − Q̇loss 

3.54 

((mcp)cf) ⋅
dTcf, out 

dt
= ṁcfcp,cf(Tcf, out − Tcf, in ) − Q̇ − Q̇loss 

3.55 

hf, cf, and  HE represents hot fluid, cold fluid, and heat exchanger, respectively.  

where,  

(mcp)HE Thermal capacitance of the heat exchanger solid wall (J/K) 

(mcp)hf & (mcp)cf Thermal capacitance of hot and cold fluid, respectively (J/K) 

 

In this study, the same effectiveness approach was adopted for the counter-flow heat exchanger 

as mentioned in  section 3.1.2.1 (eqn.3.1to eqn.3.4). The effectiveness of the air heat exchanger, 

fuel heat exchanger and waste heat recovery exchanger (oil heat exchanger) were assumed 

constant (80 %) for design and off-design system operation [10,16,70]. The weight of air and 

fuel heat exchangers scaled based on an existing 6.29 kWel capacity SOFC system developed 

by Whyatt and Chick at the Pacific Northwest National Laboratory as shown in Table 3-19 

[151]. The reference value of the oil heat exchanger was taken from the oil heat exchanger 

specification mentioned in Appendix A.  Heat exchangers was made from steel, therefore the 

specific heat for heat exchanger material was considered 500 J/kg K.  

 

3.8.3 Afterburner 

 

An afterburner generally used to combust unreacted fuel from the anode and convert this to 

thermal energy. Residual combustible gases from the SOFC anode such as CH4, H2 and CO 

chemically react with O2 coming from the SOFC cathode in the burner. The afterburner 
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converts toxic CO into CO2, reducing the SOFC system's environmental impact when fuelled 

by hydrocarbons [148,152].  

 

CH4 + 2O2 ↔ CO2  + 2H2O    ∆HCH4−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
0 = -890.2 kJ/mol 3.56 

H2 +
1

2
O2 ↔ H2O                       ∆HH2−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

0 = -241.8 kJ/mol 3.57 

CO +
1

2
O2 ↔ CO2                       ∆H𝐶𝑂−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

0 = -280.8 kJ/mol 3.58 

 

Figure 3-18 : Schematic diagram of burner. 

 

Various exothermic chemical reactions taking place inside the afterburner with their standard 

value of enthalpy of formation are shown in eqn.3.56 to eqn.3.58. It was assumed that the 

combustion in the burner is complete and isobaric, implying complete oxidation of residual 

hydrogen, inlet fuel (methane), and carbon monoxide [153]. It was assumed that no NOx 

generation take place in the burner. The molar flow rate of gas species at the outlet of 

afterburner is shown in Table 3-18.  

 

Table 3-18 : Molar flow rate of gas species at afterburner outlet.  

ṅH2O,AB, out = ṅH2O,AB, in + ṅH2,AB, in + 2ṅCH4,AB, in  

ṅCO2,AB, out = ṅCO2,AB, in + ṅCO,AB, in + ṅCH4,AB, in  

ṅO2,AB, out = ṅO2,AB, in − 0.5ṅCO,AB, in − 2ṅCH4,AB, in − 0.5ṅH2,AB, in  

ṅN2,AB, out = ṅN2,AB, in  

AB stands for afterburner.  
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Afterburner outlet temperature was determined by applying the energy conservation equation 

mentioned in eqn.3.59.   

(mcp)AB

dTAB

dt
= ∑ṅi

in ∫  
Tin 

Tref

Cp,i(T)dT − ∑ṅi
out ∫  

TAB

Tref 

Cp,i(T)dT − Q̇loss − Q̇𝐴𝐵,ref 
3.59 

i = [CH4, H2, H2O, CO2, CO, O2, N2] 

(mcp)AB  Thermal capacitance of the burner. 

 TAB          Afterburner temperature. 

  

Heat released by exothermic chemical reactions in burner reformer (Q̇AB) was determined using 

eqn.3.60.  

Q̇AB = −ṅCH4,AB, in ∆HCH4−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
0 − ṅ𝐻2,AB, in ∆HH2−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

0

− ṅCO,AB, in ∆HCO−𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
0  

3.60 

 

Holtappels et. al. [148] predicted burner weight of 15 kg for the 50 kW of SOFC system. The 

weight the burner in the analysis was linearly scaled up according to system power capacity. 

The specific heat of the burner was assumed to be 765 J/kg K [136].  

 

Table 3-19 : Base value for weight of BoP components. 

Element Base weight (kg) Scaling Reference 

Air heat exchanger 7.912 Air flow ratio [151] 

Fuel heat preheater 3.33 Fuel flow ratio [151] 

Oil heat exchanger 7 Oil flow ratio Experimental facility 

CPOX reformer 20 System power [148] 

Burner 15 System power [148] 

 

3.8.4 Air blower and recirculation blower  
 

Electric power consumption (in W) of the air blower and recirculation blower computed via 

generic equation shown in eqn.3.61.  
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It required the pressure difference (ΔP −  kPa), volume flow of the fluid (V̇ − m3/s) and the 

isentropic efficiency (ηs) of the component.   

P =
V̇ ⋅ ΔP

ηs
 

3.61 

 

In this study, isentropic efficiency of blowers was assumed 70 % [10]. The primary function 

of the blower was to raise the fluid pressure to overcome the pressure losses in the SOFC 

system. The value for the pressure drops on the air and fuel side was chosen from several 

literature references [10,113]. The efficiency of the blower significantly varied under off-

design operating conditions. Therefore, a performance map of the blower as shown in Figure 

3-19 under various operating conditions can assist in accurately computing SOFC system 

efficiency[10].  

 

Figure 3-19 : Blower efficiency map[10]. 

 

The pressure drop in various SOFC system components for the nominal design operating point 

were adopted from the study conducted by Little [154] and Braun [10]. These values are 
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presented in Table 3-20. Component pressure drop values are an approximate estimate; precise 

pressure drops values estimations require several parameters such as geometrical design, gas 

velocity, flow rate, etc., which was not the primary focus of this study. A simplified approach 

was adopted in this study to predict the pressure losses for a generic SOFC system model. The 

system component pressure drop is proportional to the volumetric fluid flow. The system 

component pressure drop at different operating points (different volumetric fluid flow) was 

determined using eqn.3.62 [10] .  

ΔPcomponent = ΔPcomponent,design ⋅ (
V̇gas

V̇design 

)

3
2

 

3.62 

where, 

 ΔPcomponent          Component pressure drop (mbar)   

ΔPcomponent,design Component pressure drop at nominal operation (mbar) (Table 3-20). 

 V̇gas                        Fluid flow (m3/s) at off-design conditions 

V̇design                      Fluid flow (m3/s) at nominal operation point.  

 

It should be noted that the nominal operating point of the system was decided after the detailed 

system simulation. The nominal operation point represents the value of V̇design  for fuel and air 

flow. Once these values were determined, eqn.3.62 was used to determine the component 

pressure drop at off-design conditions.  

 

Table 3-20 : SOFC system component pressure drop values[10,154].  

Component Pressure drop (mbar) 

Air heat exchanger (hot fluid and cold fluid side) 100 

Afterburner  20 

Fuel electrode-Stack 20 

Air electrode-Stack 30 

Fuel heat exchanger (hot fluid and cold fluid side) 50 

Piping 5 
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The steady state equations for the SOFC stack and its BoP components are shown in Table 

3-21.  

Table 3-21 : Steady state equations for SOFC system. 

Mass 

conservation 

∑ 𝑚
.

𝑜𝑢𝑡 = ∑ 𝑚
.

𝑖𝑛 

           

Heat 

exchanger 

 

(𝑚
.

ℎ)ℎ𝑓,𝑖𝑛 + (𝑚
.

ℎ)𝑐𝑓,𝑖𝑛 − (𝑚
.

ℎ)ℎ𝑓,𝑜𝑢𝑡 − (𝑚
.

ℎ)𝑐𝑓,𝑜𝑢𝑡 − �̇�𝑙𝑜𝑠𝑠 = 0 

𝑄
.

ℎ𝑓 = (𝑚
.

ℎ)ℎ𝑓,𝑖𝑛 − (𝑚
.

ℎ)ℎ𝑓,𝑜𝑢𝑡-�̇�𝑙𝑜𝑠𝑠 

𝑄
.

𝑐𝑓 = (𝑚
.

ℎ)𝑐𝑓,𝑖𝑛 − (𝑚
.

ℎ)𝑐𝑓,𝑜𝑢𝑡-�̇�𝑙𝑜𝑠𝑠 

 

Afterburner ∑(𝑛
.
ℎ)𝐴𝐵,𝑖𝑛 − ∑(𝑛

.
ℎ)𝐴𝐵,𝑜𝑢𝑡 − 𝑄

.

𝐴𝐵 − �̇�𝑙𝑜𝑠𝑠 = 0 

SOFC stack 

 
∑(𝑛

.
ℎ)𝑆𝑂𝐹𝐶,𝑖𝑛 − ∑(𝑛

.
ℎ)𝑆𝑂𝐹𝐶,𝑜𝑢𝑡 − 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − 𝑄

.

𝑆𝑂𝐹𝐶 − �̇�𝑙𝑜𝑠𝑠 = 0 

 
 

3.9 System Performance Parameters  
 

Electric power generated by SOFC is also utilised by the BoP components of the SOFC system 

and VARS auxiliary components. Hence, net electric power (Pelectric,net) from the SOFC 

system that can be utilised further was determined by using eqn.3.63.  

Pelectric,net = Pelectric − (Pab + Psp + Pop + Pcp + Peab + Prb + Pahxb) 

 

ab, rb, and op stands for air blower (SOFC system), recirculation blower and oil 

pump, respectively.  

 

3.63 

The net electric power density (in W/cm2) was computed by eqn.3.64.  

Denselec,net =
Pelectric,net

Astack
 

3.64 

where Astack is active area of stack (cm2) 



➢ Research Methodology 

124 

 

Active area of stack is the produce of number of cells (Acell) and area of each cell (Ncell) 

calculated using eqn.3.65.   

Astack = NcellAcell 3.65 

 

The refrigeration power density (Densref in W/cm2) is calculated using eqn.3.66.  

Densref =
Q̇evaporator

Astack
 

3.66 

 

The net power density (Dens netin W/cm2) includes both net electric power density and 

refrigeration power density and it was computed using eqn.3.67.  

Dens net = Denselec,net+Densref 3.67 

 

The SOFC system efficiency and combined efficiency of the SOFC-VARS system were 

defined by eqn.3.68 and eqn.3.69,  respectively.  

ηSOFC,system =
Pelectric,net

Qin

.  
3.68 

ηcogeneration =
Pelectric,net + Q̇evaporator

Qin

.  
3.69 

 

The energy supplied to the SOFC system can be expressed by eqn.3.70.  

Qin

.

= ṅCH4,in
LHVCH4

 3.70 
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where,  

ṅCH4,in
    Inlet molar flow of methane (mol/s). 

LHVCH4
  Lower heating value of methane (802.3 kJ/mol).  

 

CO2 emissions (kgCO2/kWh) from the system are determined using eqn.3.71 

Emissions =
ṁCO2,,SOFC

Pelectric,net + Q̇evaporator

∗ 3600 
3.71 

where, ṁCO2,,SOFC
  Total mass flow of the CO2 in the SOFC system exhaust.  

 

The net electrical power to refrigeration power ratio (RatioEtoR) of the combined system was 

computed using eqn.3.72. 

RatioEtoR =
Pelectric,net

Q̇evaporator

 
3.72 
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Chapter 4: Experimental Research - Absorption 

Refrigeration System  

 

 

 

This chapter evaluates the performance of the absorption refrigeration setup. The vapour 

absorption refrigeration system was powered by the simulated SOFC exhaust via heated oil at 

the approximate temperature of 180°C to generate sub-zero temperatures in the evaporator.   

The limitations with the setup are explicitly discussed in this chapter and several 

recommendations have been made to get the optimised performance from the setup. 
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4.1 Experimental Procedure 
 

Before supplying heat to the VARS, it was necessary to make sure that all fluids were circulated 

in the system. The turbo compressor, oil pump and solution pump were turned on successively. 

Once the mass flow of different fluid streams, and system temperature and pressure were 

displayed accurately by the LabView virtual interface, the electric heater was activated. The 

set point temperature in the heater was gradually increased. Steps involved in the start-up 

process of the experimental facility were as follows: 

 

1. Turn on the required AC and DC power supply to the experimental facility. 

2. Connect temperature thermocouples, pressure sensors and mass flow meters to 

LabVIEW software via the data acquisition module for data logging. 

3. Turn on the turbo air compressor, and ramp the turbo compressor rpm at the rate of 

10000 rpm/min (recommended by the manufacturer) to its desired value or145000 rpm 

to get the air flow rate of 44 g/s.   

4. Turn on the oil pump and solution pump. The mass flow of oil and aqua-ammonia 

solution pump was increased in steps of 0.1 g/s to reach the desired mass flow of 12 g/s 

and 1.2 g/s of oil and NH3-H2O solution, respectively.  

5. The electric heater was turned on and the set point temperature of the heater was 

increased by 25oC/min. 

 

The scope of the experiments did not include optimisation of the system performance (such as 

refrigeration capacity and COP) and perturbation studies. In addition, several components, such 

as the absorber, condenser, and evaporator were not specifically designed to achieve the best 

performance, as the experimental setup was rather intended as a proof of concept. The focus 
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was entirely on achieving sub-zero temperatures and not on the efficiency of the setup. In 

addition, the primary focus of this study was on the detailed simulation of the SOFC-integrated 

VARS. Hence, experiments showing the effect of varying input parameters on the protype 

performance were not included here to focus more on the system simulation results presented 

in upcoming chapters.  

 

A high degree of fluctuations was observed in the oil pump operation when the pump operated 

at the maximum flow rate of 15 g/s. This high degree of fluctuations could have led to 

inaccurate prediction of the system performance. Hence, it was decided to operate oil pump at 

12 g/s of oil where the pump demonstrated stable operation. During experiments, it was 

observed that the NH3-H2O solution temperature in the desorber must be above 110°C to 

achieve the sub-zero evaporation temperature. Hence, several experiments were carried out to 

determine the NH3-H2O flow to the desorber that could achieve temperature higher than 110°C 

with a pre-fixed 12 g/s of oil mass flow. It was found that the required temperature could only 

be achieved if NH3-H2O mass flow value set to ≤ 1.2 g/s. Hence, experimental facility was 

operated at the maximum feasible 1.2 g/s of NH3-H2O solution mass flow, despite the 

capability of the solution pump to deliver maximum of 40 g/s.  

 

The refrigerant expansion valve and solution expansion valve opening kept constant during the 

experiments.  Several experiments were carried out to determine the possible combination of 

the refrigerant and solution expansion valve opening to achieve targeted sub-zero evaporation 

temperature. The system performance variation with refrigerant and solution expansion valves 

openings were not mentioned here with details, as it did not fit in the scope of the current study. 

The refrigerant expansion valve and solution expansion valve were kept 12.5 % and 27 % open, 

respectively. The recorded room temperature during experiment was approximately 23°C. 
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The oil heat exchanger and VARS transient model were also validated with experimental data 

in this section.  

 

4.2 Air-Oil Heat Exchanger Performance  
 

The data shown in Figure 4-1 depicts the temperature profile of air and oil in the air-oil heat 

exchanger. Air flow of 44g/s was heated to 350°C to simulate an SOFC exhaust. This replicated 

approximately 17 kW of SOFC stack exhaust.  

 

Figure 4-1 : Temperature evolution of the working fluids in the air-oil heat exchanger. 

 

A slight noise can be observed in the heated air inlet temperature profile which was caused by 

intermittency of the electric heater. It also caused the slight disturbances in the oil and air outlet 

temperature. Disturbances in the oil inlet temperature were less compared to the oil outlet 

temperature. It was due to thermal stratification effect in the oil storage tank which smoothen 

the oil inlet temperature profile. It can be seen from Figure 4-1 that the heated air achieved 

stable 350°C temperature after 1600 s. Steady state air outlet temperature was recorded around 
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300°C.   Oil inlet and outlet achieved the steady state temperature close to 100°C and 178°C 

after approximately 3000 s. Hence, oil mass flow of12 g/s gained approximately 78°C in the 

air-oil heat exchanger. The oil HX model was also validate as highlighted in Figure 4-1. Inlet 

temperatures and mass flows were inputs for the oil HX transient model. It was found that the 

model could not replicate the initial transient behaviour (up to 500 s) accurately, however 

model reproduced comparable transient evolution of temperatures after 500 s.   

 

 

Figure 4-2 : Heat load profile of air and oil in the air-oil heat exchanger.  

 

The heat duty profile of air and oil in the air-oil heat exchanger is shown in Figure 4-2. Air and 

oil mass were kept constant during experiment; hence, the heat load followed the temperature 

profile characteristics as shown in Figure 4-1.  The steady state heat duty load on air side was 

determined approximately 2310 W after 2000 s and oil gained steady state heat load of 2170 

W after 4000 s. Hence, heat loss from the heat exchanger was determined approximately 140 

W.  
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The steady state performance parameters of the air-oil HX are shown in Table 4-1. It was found 

that the heat exchanger showed effectiveness of 0.36 under steady state conditions. Overall 

heat transfer coefficient and LMTD of the heat exchanger were found to be 70 W/m2 °C and 

184°C, respectively. The steady state difference between the air and oil outlet temperature was 

125°C which was significantly high, and in response to that effectiveness of the air-oil heat 

exchanger also reduced significantly to 0.36. This was not a great characteristic for efficient 

heat exchangers. However, it was completely due to the requirement of high amount of air flow 

rate (44 g/s) needed by the electric heater as explained in Section 3.1.1.  

 

Table 4-1 : Steady state performance parameters of the air-oil heat exchanger. 

Performance parameters Value 

Air flow (g/s) 44 

Oil flow (g/s)  12 

Air inlet temperature (°C) 350 

Air outlet temperature (°C) 300 

Oil inlet temperature (°C) 100 

Oil outlet temperature (°C) 178 

Air heat load (W) 2310 

Oil heat load (W) 2170 

Heat losses (W) 140 

Maximum possible heat transfer (W) 6027 

Effectiveness 0.36 

Overall heat transfer coefficient (W/m2 °C) 70 

LMTD (°C) 184 

 

4.3 VARS -Laboratory Setup Performance 
 

This section discusses the setup performance with the VARS transient model validation. The 

VARS transient methodology required storage tank details to estimate the high and low side 
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pressure (section 3.4.3). However, the setup was not equipped with the refrigerant and solution 

storage tank. Hence, it was not possible to predict the pressure evolution in the protype with 

the current VARS transient model. Hence, it was decided to feed the high and low side pressure 

values from the experiment to the model for the validation. In addition, the oil inlet temperature 

to the desorber and geometrical parameters of the system components (mentioned in Appendix 

A)  were fed to the VARS transient model.  

 

Figure 4-3 : Temperature evolution of the working fluids in the desorber.  

 

The temperature evolution of the working fluids in the desorber is shown Figure 4-3. From t=0 

s to t=4700 s, the temperature of dilute NH3-H2O solution increased gradually by absorbing 

heat from the oil, however, after 4700 s solution temperature increased rapidly. The 

concentrated NH3-H2O solution was heated by the thermal oil which boiled the NH3 refrigerant 

and a partial amount of water from the solution. The boiling of the NH3 refrigerant increased 

its volume, however the cavity volume of the desorber remained the same. As a result, the 

pressure inside the system increased. Refrigerant vapour formed inside the desorber could not 
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immediately move to the remaining components, as NH3 vapour entered storage tank from the 

top which resulted into inefficient mixing of the NH3 vapour and solution in the storage tank. 

The refrigerant vapour that could not move further, receives more heat in the desorber from the 

thermal oil which increased its temperature even higher, and it converted into superheated 

vapour.  This resulted in reduced oil outlet temperature after 4700 s as shown in Figure 4-3. 

Therefore, system temperature and pressure increased rapidly which are legible in the Figure 

4-3 and Figure 4-5 after 4700 s.  The concentrated and dilute solution achieved the steady state 

temperature of 100°C and 130°C respectively, after 5500 s. The steady state temperature of 

thermal oil leaving the desorber was recorded approximately 115°C. Hence, temperature 

difference between oil inlet temperature and dilute solution outlet temperature (closest 

temperature approach) was observed around 45°C. The closest temperature approach for an 

efficient desorber performance should be around 25°C [46]. Hence, the desorber closest 

temperature approach derived for the experimental setup was a bit higher. Oil entered the 

storage tank at 115°C from the desorber and it entered the air-oil heat exchanger at the 

temperature of 100°C. It showed that the there was a temperature drop of 15°C in the oil 

recirculation path, this was due to the lack of insulation in the thermal oil recirculation path.  

 

As far as model validation is concerned, model reproduced the comparable results, However, 

model was not able to reproduce results with good accuracy after 4000 s due to pressure 

fluctuations in the system. It was not possible to predict the mixing phenomena of NH3 

refrigerant vapour and liquid solution in the absorber storage tank, which affected modelling 

validation up to a great extent.  Concentrated solution entered the desorber from the rectifier, 

and the rectifier model was built with the steady-state assumptions, Hence, model reproduced 
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concentrate solution inlet temperature linearly without any transient effects which can be seen 

in  Figure 4-3.  

 

 

Figure 4-4 : Variation of mass flow in the system. 

 

The variation of the mass flow in the system is shown in Figure 4-4. Up to 2000 s, vapour 

generation in the desorber was not significant due to lower desorber temperature. The solution 

pump delivered a constant 1.2. g/s mass flow of concentrated solution. Heat addition in the 

desorber by thermal oil resulted in separation of the refrigerant vapour from the concentrated 

solution which increased the vapour mass flow. The vapour mass flow increased gradually 

from 0 g/s to 0.15 g/s between 2000 s and 4700 s. After 4700 s, the rapid rise in vapour mass 

flow was observed due to the increased dilute solution temperature from 100°C to 130°C as 

shown in the Figure 4-3. It was obvious that the dilute solution flow rate decreased with vapour 

generation in the desorber, hence, variations in dilute solution flow rate depicted exact opposite 

trend of the vapour mass flow.  The steady state value of the vapour leaving the desorber and 

dilute solution mass flow was 0.3 g/s and 0.9 g/s, respectively. Due to high temperature in the 
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desorber, water has been evaporated along with the NH3 refrigerant vapour which needed to be 

removed before it enters condenser. The removal of water vapour was accomplished in the 

rectifier. The H2O vapour condensed in the rectifier by rejecting its heat to concentrated 

solution coming from the solution pump. The variation of the refrigerant vapour leaving the 

rectifier is also shown in Figure 4-4. The steady state value of the NH3 refrigerant vapour mass 

flow leaving the rectifier was approximately 0.2 g/s.  

 

 

Figure 4-5 : Evolution of high and low side pressure in the system.  

 

The high and low side pressure evolution during experiment is shown in Figure 4-5. These 

values represent gauge pressure. The system pressure profile depended upon the temperature 

evolution and vapour generation in the desorber. The high and low side pressure increased from 

1.5 bar to 8.8 bar, and 1 bar to 2.9 bar, respectively form 0 s to 6000 s. Vapour generation in 

the desorber increased the high side pressure. On the other side, low side pressure was 

predominantly governed by the absorber tank. Low side pressure depicted negligible variation 

for initial 3500 s due to the inefficient mixing refrigerant vapour and low absorber temperature 
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shown in Figure 4-6. Low side pressure increased gradually from 1.4 bar to 1.8 bar between 

3500 s and 5000 s and then showed quickly escalating behaviour. From 5000 s to 6200 s, the 

lower side pressure rose rapidly from 1.8 bar to 2.9 bar.  High amount of vapour entered 

absorber tank after 5000 s, which also released greater amount of exothermic heat form the 

mixing of refrigerant vapour with solution in the absorber tank. As discussed in the previous 

section, absorber tank was not externally cooled, hence heat could not be absorbed from the 

absorber effectively, which increased low side pressure and absorber temperature as shown in 

Figure 4-6.  

 

As shown in the Figure 4-6, absorber temperature increased gradually with high amount of 

vapour entering the absorber tank. The maximum error observed in the absorber temperature 

validation was 8°C. The maximum recommended operating temperature with solution pump 

was 55°C as described by its manufacturer. Hence, if the absorber temperature increased 

beyond 55°C, the experimental facility needed to be shutdown to avoid any damage to the 

equipment.    

 

Figure 4-6 : Temperature evolution of NH3-H2O solution in the absorber.  
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The ammonia concentration variation in the system is shown in Figure 4-7. At low desorber 

temperature, ammonia concentration in the vapour leaving the desorber was found as high as 

0.99. This was due to fact that a low amount of water vapour was evaporated. However, with 

increase in desorber temperature, more water vapour was formed which resulted in a lower 

ammonia concentration as shown in Figure 4-7. The steady state value of the ammonia 

concentration in the vapour leaving the desorber was computed as 0.74. The primary reason 

responsible for this low ammonia concentration was low value of the high-side pressure (< 9 

bar). The saturation temperature of water increased at high pressure, hence, if desorber pressure 

was kept at a high pressure (>14 bar), a lower amount of water vapour would have been 

evaporated. However, the rectifier improved ammonia concentration from 0.74 to 0.975 under 

steady state conditions. It was observed that the ammonia concentration decreased from 0.99 

to 0.975 in the vapour leaving the rectifier from 2000 s to 5500 s as shown in the Figure 4-7. 

This was due to the higher amount of water vapour entered the rectifier with increased desorber 

temperature, and the rectifier could not remove all the water vapour which reduced ammonia 

concentration.  The ammonia concentration in the dilute solution decreased with time 

evolution, this was due to evaporation of refrigerant vapour from the concentrated solution. 

Under steady state conditions, the ammonia concentration in dilute solution was determined 

0.17. The initial concentration of ammonia in the absorber tank was 33 %, this setup was not 

equipped with refrigerant storage tank to store the inventory of the refrigerant.  Hence, the 

ammonia concentration in the absorber tank should remain constant at 0.33 value, however it 

was observed that the ammonia concentration in the absorber was reducing up to 5000 s, and 

after 5000 s it showed escalating behaviour. Ammonia entered storage tank from the top which 

resulted into inefficient mixing which reduced the ammonia concentration in the tank. It can 

be predicted thar the after 5000 s, the top part of the tank was completely occupied with the 

NH3 vapour and in started mixing with the solution in the tank effectively, which increased 
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ammonia concentration in the tank rapidly as highlighted in Figure 4-7. It also caused rapid 

rise in low side pressure as shown in Figure 4-5.  

 

 

Figure 4-7 : Variation of ammonia concentration in the system. 

 

Figure 4-8 depicts the temperature profile of the NH3 vapour in the condenser. Under steady 

state conditions, the refrigerant vapour temperature at condenser inlet was recorded 91°C.  The 

NH3 refrigerant achieved 27°C of steady state temperature at the condenser outlet. Condenser 

outlet temperature gradually increased up to 5000 s and then started decreasing over time due 

to increase high side pressure as shown in Figure 4-5. Due to small temperature difference 

between refrigerant vapour and ambient temperature during system start-up, inefficient heat 

transfer in the condenser took place which resulted into higher condenser temperature. This 

can also be explained by computing vapour mass fraction of the NH3 refrigerant at the 

condenser outlet. In Figure 4-9 the variation of vapour mass fraction at the condenser outlet is 

presented. As shown, NH3 phase at the outlet condenser was always two-phase mixture with 

steady state value of vapour mass fraction 0.52.  Oscillations were observed in the condenser 
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outlet temperature between 3000 s and 4500 s. This was due to variations noticed in the 

refrigerant mass flow as shown in Figure 4-4..    

 

Figure 4-8 : Temperature evolution of the working fluid in the condenser.  

 

Figure 4-9 : Variation of vapour mass fraction at condenser outlet. 
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Figure 4-10 : Temperature evolution of the NH3 refrigerant in the evaporator.  

 

Figure 4-10 illustrates temperature evolution in the evaporator. The evaporator temperature in 

the system decreased with reduced vapour mass fraction of NH3 refrigerant at the outlet of 

condenser. Fluctuations in the refrigeration temperature were observed between 3000 s and 

4500 s, due to refrigerant mass flow variation as shown in Figure 4-4. The experimental facility 

started producing sub-zero temperature after 5200 s. The system was able to maintain 

temperature below -4°C for continuous 600 s (10 minutes) between 5400 s and 6000s. The 

system managed to achieve a refrigeration temperature as low as -8°C. To maintain the constant 

sub-zero evaporator temperature over a longer period, it was required to keep the low side 

pressure below 2.5 bar by controlling the absorber temperature. However, with this 

experimental facility, due to lack of external cooling in the absorber it was no possible to 
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maintain low side pressure below 2.5 bar gauge pressure. Hence, evaporator temperature 

increased with low side pressure after 6000s.  

 

 

Figure 4-11 : Variation of heat load of experimental setup components.  

 

Heat load variations of different system components are shown in the Figure 4-12. The steady 

state heat load of desorber, absorber, rectifier, condenser, and evaporator determined were 550 

W, 405 W, 210 W, 260 W, and 133W, respectively. Noticeable heat transfer in the system was 

observed after 2000 s, hence variations of heat load after 2000 s are only depicted in Figure 

4-12.  A sudden spike was observed in the desorber heat load after 4500 s which was due to 

the temperature variations in the desorber as shown in the Figure 4-3. The sudden change in 

the desorber heat load also affected the heat load of remaining components after 4500 s. Due 

to a small temperature difference between ambient and NH3 refrigerant in condenser and 

evaporator during the system start-up, heat load of both these components was low initially. 

The evaporator heat load increased between 5000 s and 5700 s, it started decreasing after 5700 
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s. This variation can be explained by evaporator temperature variation as show in Figure 4-10. 

The evaporator temperature started increasing after 5700 s, which reduced temperature 

difference in the evaporator resulting into poor heat transfer.   

 

The heat duty of the components could be increased by operating desorber at higher 

temperature which would have been improved the system performance. However, it should be 

briefly noted that the system could not operate above 135°C of dilute solution temperature. The 

desorber temperature at too high temperature caused significant amount of water vapour 

generation. The rectifier was not able to condense all the water vapour with a such scenario. If 

the water vapour concentration was too high (> 3% to 5%) in the refrigerant vapour leaving the 

rectifier, water accumulated in the condenser and evaporator, which might flood the system 

and could damage the electronic expansion valves. Therefore, desorber was operated at the 

maximum possible temperature which could deliver sub-zero temperatures.  

 

 

Figure 4-12 : COP variation of experimental setup.  
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Transient variation of system COP is presented in Figure 4-12. The system COP depends upon 

the evaporator and desorber heat load (eqn.3.11). Due to a low value of the evaporator heat 

load during system start-up, COP value was also found to be low. The system depicted peak 

COP value of 0.25. The COP was significantly lower compared to COP values found in 

literature (0.5 to 0.6) [13,155,156]. It implied that the system would require several 

modifications to deliver efficient performance.  

 

4.4 Recommended Modifications 
 

The one of the major problems associated with the experimental facility was the oversized 

solution pump. During the experiments, the solution pump operated at only three percentage 

of its full load capacity (maximum flow rate: 40 g/s, delivered: 1.2 g/s), hence it could not 

establish required pressure drop across the components. The high side pressure in the NH3-

H2O VARS usually ranges anywhere from 14 to 18 bar. Operation of the NH3-H2O absorption 

refrigeration at increased high side pressure also reduces water vapour generation along with 

the NH3 refrigerant. This is due to the increased value of saturation temperature of water at 

higher pressure. This allows to achieve high ammonia concentration in the stream leaving the 

desorber and rectifier. Usually, ammonia mass concentration in the stream leaving the rectifier 

should be close to 1 (at least above 0.99), however, during the experiment it was computed 

only as 0.975. In addition, the vapour mass fraction at the outlet of the condenser was also 

found to be higher (0.52 as described in the above section). Usually, phase quality at the outlet 

of condenser should be saturated liquid (vapour mass fraction is zero). The vapour mass 

fraction also reduces with high side pressure, hence a VARS should operate at high side 

pressure to achieve efficient performance. Due to all these issues, system delivered maximum 

COP of 0.25. In particular, the following components of the experimental setup require 

modifications as follows: 
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• Inefficient performance of the oil-heat exchanger was only due to the poor component 

selection. If the existing 10 kW heater could be replaced with small capacity of 2 kW 

which can operate with a lower air mass flow (8 to 10 g/s, simulated exhaust of 2.5 kW 

of SOFC stack), effectiveness of the air-oil heat exchanger can be as high as 0.8.  

• The system can be more efficient if the solution pump can generate an adequate 

pressure lift to raise the higher side pressure up to 15 bar. Hence, system should be 

equipped with smaller solution pump which can deliver required solution flow (close 

to 1.2 to 1.5 g/s) at full load.   

• The absorber heat exchanger absorber should incorporate a forced cooling 

mechanism/design. Forced cooling/convection absorber design removes heat 

effectively and efficiently and helps to restrict the absorber temperature to maintain the 

low side pressure below 2.5 bar to achieve required evaporator temperature.  

• For improved internal heat recovery in the system, it is recommended to equip system 

with the solution heat exchanger between desorber and absorber. It can reduce external 

heat input to the desorber which will be resulted into improved COP of the system.  

 

To simulate the possible effect of modifications as mentioned above upon the system 

performance, a simple comparison between current system performance and system 

performance after modification is presented in the Table 4-2.  The modified values of high side 

and low side pressure, and the absorber temperature were selected as 15 bar, 2 bar and 42°C, 

respectively. As shown in  Table 4-2, COP of the setup can be improved to 0.51 which would 

be very close to what has been achieved for the efficient VARS in the literature studies.  
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Table 4-2 : Comparison between system performance parameters of the current setup and an 

improved experimental setup. 

Performance Parameters Current system Modified system 

Air flow rate (g/s) 44 8 

Simulated exhaust SOFC stack capacity (kW)  17 2.5 

Air-oil heat exchanger effectiveness 0.34 0.79 

Absolute high side pressure (bar)  9.8 15 

Absolute low side pressure (bar) 3.5 2 

Evaporator temperature (°C) -7.5 -19 

Absorber temperature (°C) 50 42 

Ammonia concentration leaving desorber 0.74 0.9 

Ammonia concentration leaving rectifier 0.98 0.9998 

Vapour mass fraction at the condenser outlet 0.52 0.015 

Desorber heat load (W) 550 1200 

Rectifier heat load (W) 210 320 

Condenser heat load (W) 260 635 

Evaporator heat load (W) 150 620 

SHX heat load (W) - 570 

Absorber heat load (W) 400 1180 

COP 0.25 0.51 

 

4.5 Conclusions  
 

Experimental research was carried with the VARS setup integrated with the simulated SOFC 

exhaust. The proposed primary objective of integration of the SOFC exhaust to VARS via 

thermal oil circuit has been met and the setup achieved sub-zero temperatures. The system 

delivered refrigeration temperature down to -8°C. Overall, the experimental setup 

demonstrated unsatisfactory thermodynamic operation with the maximum COP of 0.25. It was 

determined that the low value of high side pressure (less than 9 bar) and higher absorber 

temperature (more than 50°C) resulted in a poor thermodynamic performance of the system. 

Several recommendations were made to improve the performance of the setup. With 

modifications in the absorber design and solution pump flow capacity, system could achieve 
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improved thermodynamic performance. It was found that the proportional improvement to the 

setup could demonstrate a comparative COP value of 0.51.  

  

This research study was focused on automotive transportation applications, where the 

efficiency of the system is one of the most important criteria to check its feasibility. Hence, 

feasibility analysis of the VARS should be performed by evaluating the most efficient system 

available in the literature or commercial market. As discussed above, the setup did not deliver 

the efficient performance. To characterise the system transient performance, several system 

input parameters are needed such as geometrical parameters of the heat exchangers, 

components volume, and thermal mass. If all these input parameters were selected based on 

the setup, then the assessment would underestimate the potential of the VARS. Hence, for the 

steady state and transient models presented in upcoming chapters, system input parameters 

were selected from the efficient and compact microchannel heat exchanger based absorption 

refrigeration technology demonstrated by  Garimella et al [157], Goyal [77] and Staedter and 

Garimella [46].  
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Chapter 5: Steady State Analysis of the Combined 

System 

 

 

 

In this chapter, steady state thermodynamic modelling results of the SOFC and VARS system 

are presented. The results are assessed and analysed to characterise the SOFC system for 

different types of trucks and applications. The combined system performance is evaluated 

under different operating conditions.  Based on modelling results, the most preferred operating 

envelope of the SOFC system is evaluated to drive absorption refrigeration system.  

 

Note: Certain sections of this chapter were published in Applied Thermal Engineering 179 (2020): 

115597 [158]. 
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5.1 Refrigeration Load of Different Trucks   
 

The variation of refrigeration load of different types of refrigerated trucks (large, medium, and 

small) with ambient temperature for frozen transportation is shown in Figure 5-1. The cooling 

load requirements for large and medium trucks varied from 3 kW to 5 kW, and 1.9 kW to 3.2, 

kW respectively. Increase in ambient temperature caused greater temperature difference 

between refrigerated space and ambient temperature which also increased the heat penetration 

from ambient to refrigerated cabinet. 

 

 

Figure 5-1 : Variation of refrigeration load with ambient temperature for different types of 

trucks.  

 

According to ASHRAE guideline, the calculated cooling load for refrigerated transportation 

should be increased by 20 % of a safety factor to match possible disparity between system 

design criteria and actual operation [94]. Therefore, the maximum refrigeration load has been 

recalculated and highlighted in Table 5-1.  
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Table 5-1 : Cooling load of different trucks for frozen transportation. 

Type of truck Cooling load 

(kW) 

ASHRAE 

safety factor 

Final refrigeration load 

(kW) 

Small 2.4 20 2.8 

Medium 3.2 20 3.9 

Large 5 20 6 

 

5.1.1 Effect of door opening  
 

The door opening activity during journey increases refrigeration load demand dramatically due 

to large amount of infiltration load from the ambient air. Therefore, it was required to derive 

the effect of door opening on the final cooling load.  In this study, the focus was on development 

of SOFC system to power VARS for the maximum demand load. It is obvious that the large 

truck demand load is always high compared to small and medium trucks. Hence, this section 

only discusses effect of door opening for large truck. Effect of door opening for small truck is 

shown in Appendix C.  

 

 

Figure 5-2 : Effect of door opening on refrigeration load for large trucks. 
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Large trucks normally used for end-to-end point delivery, hence door opening activity does not 

take often. However, it was still important to show the effect of door opening. Therefore, it was 

assumed that the door was kept open for three minutes in an hour. The variation of refrigeration 

load with three-minute door opening is shown in Figure 5-2. It was observed that the peak 

refrigeration load can as be high as 7.7 kW at ambient temperature of 313 K.  

 

 The nominal and peak load at the maximum ambient temperature of 313 K for large trucks are 

6 kW and 7.7 kW, respectively. These are crucial information to model the VARS which is 

highlighted in the next section. 

 

5.2 Steady-State Results of VARS 
 

A steady state 0D thermodynamic model as mentioned in Table 3-8 was built in Engineering 

Equation Solver (EES) to predict the absorption system performance parameters. The inputs 

for the model are outlined in Table 5-2.   

 

5.2.1 Model validation 
 

For validation of the steady state absorption system modelling, results obtained from the model 

were compared with experimental and modelling study carried out by Staedter and Garimella 

[46] as shown in Table 5-3 and Table 5-4. Most state-point temperatures obtained from the 

thermodynamic modelling are in close agreement with experimental results. Hence, steady 

state VARS model found reliable with adopted assumptions in this study.  
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Table 5-2 : VARS thermodynamic model inputs. 

Input parameters Value Reference 

Ambient temperature (ºC) 40 

 

[106] 

 

Condenser closest temperature approach (ºC) 3ºC 

Absorber closest temperature approach (ºC) 3ºC 

Evaporator closest temperature approach (ºC) 3ºC 

Desorber closest temperature approach (ºC) 25ºC 

SHX effectiveness 0.8 

RHX effectiveness 0.8 

Ammonia refrigerant concentration 0.9985 

Ambient air HX effectiveness 0.75 [104] 

Evaporator coupling fluid inlet temperature -16ºC  

Design parameter 

 

Evaporator coupling fluid outlet temperature -18ºC 

Desorber coupling fluid inlet temperature 220ºC 

 

Table 5-3 : Model validation with work conducted by Staedter and Garimella [46]. 

Performance parameters Present 

study  

Staedter and Garimella 

[46] 

Higher side pressure (kPa) 2003 1956 

Lower side pressure (kPa) 447 496 

Refrigerant temperature at evaporator inlet (ºC) 4.8 4.5 

Refrigerant temperature at evaporator outlet (ºC) 7.14 7.2 

Thermal oil temperature at desorber inlet (ºC) 183 183 

Dilute solution temperature at desorber outlet (ºC)  156 155 

Refrigerant temperature at condenser inlet (ºC) 59.4 59.3 

Refrigerant temperature at condenser out (ºC) 49 47 

Coupling fluid temperature at condenser outlet (ºC) 51.3 48.9 

Concentrated solution temperature at absorber outlet 

(ºC) 

42.5 43 

Coupling fluid temperature at absorber outlet (ºC) 51.03 55.6 

Concentrated (strong) solution temperature at SHX 

inlet (ºC) 

70.5 63 

Concentrated (strong) solution temperature at SHX 

outlet (ºC) 

118.2 103 

Weak (dilute) solution temperature at SHX outlet 

(ºC) 

71.8 79 
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Table 5-4 : Comparison of performance parameters with study carried out by Staedter and 

Garimella [46].  

Performance parameters Present study 
Staedter and 

Garimella [46] 
Difference (%) 

Evaporator heat load (kW) 7.03 7.03 - 

Condenser heat load (kW) 6.7 6.5 -2.9 

Desorber heat load (kW) 11.2 11.1 -0.8 

Absorber heat load (kW) 11.4 11.2 -1.6 

SHX heat load (kW) 5 5.6 8.9 

RHX heat load (kW) 0.69 0.7 1.4 

Rectifier heat load (kW) 1.73 1.6 8.1 

COP 0.632 0.63 0.8 

(UA)Evaporator (kW/K) 1.7 1.6 -5 

(UA)Condenser (kW/K) 1.1 1.08 -2 

(UA)Desorber (kW/K) 0.29 0.29 - 

(UA)Absorber (kW/K) 1.07 1.3 5.6 

(UA)SHX (kW/K) 0.196 0.18 8.1 

(UA)RHX (kW/K) 0.068 0.063 7.9 

(UA)Rectifier (kW/K) 0.055 0.05 10 

 

Heat load and UA value of each component and COP of the system for the nominal operation 

of VARS at 6 kW is shown in Table 5-5. UA values and mass flow values are crucial 

parameters to build transient model of the absorption refrigeration system. COP of the system 

was determined approximately 0.5.  

 

The few important performance parameters for the VARS are shown in Table 5-5.  
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Table 5-5 : Thermodynamic performance parameters of VARS at 6 kW of nominal load.  

Performance parameters Value 

Evaporator heat load (kW) 6 

Condenser heat load (kW) 6.7 

Desorber heat load (kW) 12.2 

Absorber heat load (kW) 11.4 

SHX heat load (kW) 4.9 

RHX heat load (kW) 1.2 

Rectifier heat load (kW) 2 

Solution pump work (W) 35 

Coolant pump work (W) 30 

Oil pump work (W) 40 

Evaporator air blower work (W) 100 

Ambient air HX blower work (W) 80 

COP 0.5 

(UA)Evaporator (kW/K) 1.56 

(UA)Condenser (kW/K) 0.84 

(UA)Desorber (kW/K) 0.312 

(UA)Absorber (kW/K) 1.26 

(UA)SHX (kW/K) 0.18 

(UA)RHX (kW/K) 0.0576 

(UA)Rectifier (kW/K) 0.0384 

Concentrated solution mass flow rate 

(kg/s) 

0.185 

Diluted mass flow rate (kg/s) 0.013 

Refrigerant mass flow rate (kg/s) 0.0054 

Desorber coupling flow rate (kg/s) 0.185 

Air flow to evaporator (kg/s) 1 

Coolant flow to condenser/absorber 

(kg/s) 

0.2 

Air flow rate to ambient air HX (kg/s) 0.8 

Higher side pressure (kPa) 1780 

Lower side pressure (kPa) 177 

 

Current research study is focused on the application of absorption refrigeration system for 

refrigerated transportation. It is expected that the VARS would encounter load following 

conditions. To maintain the refrigerated cabinet temperature, it is required to satisfy transient 

load following conditions. The operating parameters should be varied according to load 
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following conditions; hence it is crucial to carry out the sensitivity analysis to depict the effect 

of input parameters upon the performance. A detailed sensitivity analysis of the vapour 

absorption refrigeration system is presented in the next session.  

 

5.2.2 Sensitivity analysis of VARS  
 

VARS is a heat driven system; hence, it is required to identify sensitivity of the system 

performance to the desorber hot coupling fluid temperature and mass flow. In addition, NH3-

H2O solution flow affects system component heat load dramatically. Truck refrigeration units 

(TRUs) encounters various ambient conditions, it is well known fact that the refrigeration 

system performance depends upon the ambient conditions to a great extent. With keeping all 

these points in considerations, a parametric analysis was carried out to depict the sensitivity of 

the system performance to the operating parameters. It should be noted that all other operating 

parameters kept constant to depict system performance sensitivity to particular operating 

parameter.  

 

5.2.2.1 Effect of desorber coupling fluid mass flow 

 

The variation of component heat load and COP with the desorber coupling fluid mass flow is 

depicted in Figure 5-3. The heat energy supplied to the desorber greatly relied on  the desorber 

coupling fluid mass flow. It is obvious that the heat load of the desorber increases with the 

mass flow which followed by increased heat load in the remaining components. It was 

interesting to note that the over a wide variation of a mass flow  (0.16 kg/s to 0.22 kg/s), only 

a marginal variation in heat load of the components and COP (0.515 to 0.51) was observed. It 

is well known fact that the heat transfer coefficient is a weak function of the mass flow for 

single phase flow [159], hence heat load of the desorber did not change remarkably. Therefore, 
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system performance parameters were found insensitive to the desorber coupling fluid mass 

flow variation. 

 

 

Figure 5-3 : Effect of desorber coupling fluid mass flow on component heat load and COP.   

 

5.2.2.2 Effect of desorber coupling fluid temperature 
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more cooling capacity (5.3 kW to 6 kW) with marginal 2.2 % of reduction in COP (0.516 to 

0.505) when desorber CF temperature increased from 473 K to 495 K. This result is remarkably 

interesting for the selection of the heat source temperature to drive refrigeration system to 

match the trade-off between cooling capacity and thermodynamic performance. The higher 

desorber coupling fluid temperature helped to achieve higher refrigeration load.   

 

 

Figure 5-4 : Effect of desorber coupling fluid temperature on component heat load and COP.  
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Figure 5-5 : Effect of solution mas flow on component heat load and COP.  

 

5.2.2.4 Effect of ambient temperature  

 

Figure 5-6 : Effect of ambient temperature on COP. 
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Ambient temperature is one of the crucial parameters which affects the VARS performance 

significantly.  Higher ambient temperature resulted into higher condensation temperature and 

pressure in the system. Due to increased ambient, higher amount of heat needed to be delivered 

to desorber to obtain same cooling capacity from the system. As the ambient temperature 

changed from 5 ºC to 45 ºC, the system COP significantly reduced from 0.72 to 0.48 as shown 

in Figure 5-6.  

 

A summary of the sensitivity of the system performance parameters is shown in Table 5-6.  

 

Table 5-6 : System steady state response to change in operating parameters.  

Operating 

parameters 
Variation 

Desorber heat 

load 

Evaporator 

heat load 
COP 

(kW) (kW)  

Desorber coupling 

fluid mass flow  

0.16-0.22 kg/s 11.5-12.5 5.9-6.3 0.515-0.5 

Desorber coupling 

fluid temperature 

473-495 K 10.7-12.6 5.2-6.02 0.51-0.5 

Solution mass 

flow  

0.018-0.025 kg/s 8.4-10.7 4.4-5.6 ~0.52 

Ambient 

temperature  

5ºC - 45ºC 8.33- 12.7 ~6 0.72-0.48 

 

As mentioned above, the peak cooling load can as be high as 7.7 kW. It is obvious that 

operating parameters needs to change to get higher cooling load form the VARS. Table 5-7 

outlines the operating parameters to achieve peak load of 7.7 kW from VARS. The steady state 

results at nominal load and peak load are utilised later in the transient analysis which is 

explained in upcoming chapter of the thesis.  
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Table 5-7 : VARS operating and performance parameters at 7.7 kW of peak load.  

Parameters Value 

Concentrated solution mass flow rate (kg/s) 0.0246 

Diluted mass flow rate (kg/s) 0.0165 

Refrigerant mass flow rate (kg/s) 0.069 

Evaporator heat load (kW) 7.7 

Condenser heat load (kW) 7.9 

Desorber heat load (kW) 16.2 

Absorber heat load (kW) 15.2 

SHX heat load (kW) 6.8 

RHX heat load (kW) 1.4 

Rectifier heat load (kW) 2.9 

COP 0.47 

Desorber coupling fluid temperature (K) 493 

Higher side pressure (kPa) 1800 

Lower side pressure (kPa) 180 

Air flow to evaporator (kg/s) 1.15 

Desorber coupling flow rate (kg/s) 0.25 

Coolant flow to condenser/absorber (kg/s) 0.25 

Air flow rate to ambient air HX (kg/s) 0.92 

Solution pump work (W) 51 

Coolant pump work (W) 40 

Oil pump work (W) 58 

Evaporator air blower work (W) 115 

Ambient air HX blower work (W) 93 

 

 

A detailed sensitivity analysis of the absorption refrigeration system was carried out to evaluate 

the effect of change in operating parameters on the system performance characteristics. It was 

concluded that the refrigeration system COP changed significantly when system encountered 

variations in ambient temperature. The refrigeration capacity increased approximately 13% 

with 2 % of reduced COP when desorber hot coupling fluid temperature was increase by 20 K 

(473 K to 493 K).  Hence, it was decided to operate VARS at the maximum desorber coupling 

fluid temperature of 493 K. This temperature is one of the most crucial parameters to 

characterise the SOFC system to power VARS.  The COP found insensitive to solution and 
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desorber hot coupling fluid mass flow. However, component heat load found strong function 

of solution mass flow in the system.   The desorber coupling fluid temperature, mass flow and 

heat energy needed to operate refrigeration system served as primary inputs to determine 

operating envelope design of the SOFC system. These thermodynamic results build the 

foundation for the SOFC system steady state and transient analysis. The next step in the 

simulation was to characterise the performance of the SOFC system to power the VARS. 

 

5.3 Steady state Results of SOFC system 
 

The most important step before assessing the system performance was to validate the SOFC 

stack model. The following sub-section represents the model validation of the developed 

model.  

 

5.3.1 Model validation 

 

The modelling results were compared with the experiments conducted by Noponen et al.[114] 

and Lawrence [119]. The primary objective for validating the modelling results with two 

experimental studies is to prove the versatility of the SOFC generic model. Noponen et al. 

[114] conducted experiments characterising SOFC I-V and I-P curves with pre-reformed 

natural gas. Table 5-8 outlines the inlet conditions fed to the SOFC model for the validation. 

The ASR value of the I-V curve (Figure 3-13(a)) depicted by Noponen et al [114] was 

determined by using eqn.3.36.  The model reproduced comparable I-V curve characteristics 

with a maximum 4.8 % absolute error. In addition, the I-P curve was validated, as shown in 

Figure 5-8. It shows the acceptable degree of agreement between experimental and modelling 

results.   
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Figure 5-7 : I-V curve validation with Noponen et al [114]. 

 

 

Figure 5-8 : I-P curve validation with Noponen et al [114].  
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Table 5-8 : Input parameters for the model validation with Noponen et al [114]. 

Input parameters Value 

Inlet temperature of air and fuel 590°C 

CH4 flow rate 33 Nl/min 

H2O flow rate 72.6 Nl/min 

Air flow rate 327 Nl/min 

CH4 (vol %) 7% 

H2O (vol %) 26% 

CO (vol %) 7% 

H2 (vol %) 52 % 

CO2 (vol %) 8 % 

 

Table 5-9 : Input parameters for the model validation with Lawrence [119].  

Input parameters SMR CPOX 

Air inlet temperature 650°C 650°C 

Reformer equilibrium temperature 657°C 657°C 

Solid temperature  850°C 850°C 

CH4 (vol %) 8% - 

H2O (vol %) 24% 5% 

CO (vol %) 6% 15% 

H2 (vol %) 53 % 31 % 

CO2 (vol %) 9% 2% 

N2 (vol %) - 46% 

Fuel utilisation 0.74 0.74 

 

 

(a) I-V curve 

 

 

(b) I-P curve 

Figure 5-9 : Model validation with Lawrence [119]- SMR reformate. 
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(a) I-V curve 

 

(b) I-P curve 

Figure 5-10 : Model validation with Lawrence [119] - CPOX reformate 

 

Lawrence [119] performed experimental I-V  characteristics of a SOFC stack with SMR and 

CPOX reformate. The validation of the modelling results with this literature source is shown 

in Figure 5-9 and Figure 5-10 respectively. The model overestimated the stack voltage for SMR 

and CPOX reformate due to a simplified simulation approach, which is understandable. 

However, the model predicted comparable results with experimental results with a maximum 

of 5.9 % and 5.6 % error with I-V and I-P curves, respectively.  In both these studies, no details 

were provided for the system components such as reformer, heat exchangers and burner. 

Hence, it was not possible to validate the BoP component modelling.  
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However, the stack model with ASR approach reproduced comparable results with 

experimental data published by  Noponen et al [114] and Lawrence [119]. The ASR approach 

model appeared to be sufficiently reliable to continue further SOFC system simulation.  

 

5.3.2 Parametric analysis of the SOFC system 
 

In this study, several operating parameter constraints such as minimum inlet temperatures to 

SOFC  and temperature gain across the SOFC stack are adopted from commercially available 

SOFC stack that might be suitable to automotive application [114,161]. This study also restricts 

the maximum afterburner temperature to 1223 K (due to material constraints) [113].  

 

If SOFC system operates with low excess air ratio, it also increases burner temperature 

tremendously high (>950°C), hence this study restricts minimum value of excess air ratio to 

two.  The SC ratio is defined by eqn.5.1. It is the ratio of molar flow of H2O to the number of 

C atoms in the combustible gases at stack inlet [162]. If value of the SC ratio is too low, it may 

lead towards carbon formation inside an SOFC stack [163,164].  Too high SC ratio value 

reduces reactant partial pressure which eventually reduces the stack voltage, power, and 

efficiency. Hence, SC ratio value needs to be chosen carefully.  

 

SC ratio =
ṅH2O,stack,inlet

ṅCH4,stack,inlet + ṅco,stack,inlet
 

5.1 

 

The various  adopted operating constraints for the modelling in this study are mentioned in 

Table 5-10.  
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Table 5-10 : Operating constraints for the SOFC system.  

Operating parameter Value Reference 

Minimum air and fuel inlet temperature (K) 853 [114,161] 

Minimum air and fuel inlet temperature (K) 893 [114,161] 

Maximum stack temperature (K) 993 [114,161] 

Maximum temperature difference across stack 

(dTstack) (K) 

100 [114,161] 

Maximum afterburner temperature (K) 1223 [113] 

Minimum excess air ratio  2 [113] 

 

The refrigeration demand load values were known from the previous section, operating 

envelope of the SOFC system needs to be developed such a way that it can satisfy the 

refrigeration demand load. However, before characterising the SOFC system to operate the 

VARS, it was necessary to carry out a parametric analysis to get optimised performance from 

the SOFC system. A detailed steady state model of the SOFC system (as mentioned in Table 

3-21) was developed in the EES to carry out the simulation.  

 

5.3.2.1 Effect of SOFC and VARS efficiency on the combined system efficiency  

 

 It is important to decide the sensitivity of the combined system efficiency, whether the system 

efficiency is more sensitive to the SOFC system efficiency or the VARS efficiency. A contour 

is depicted as shown in Figure 5-11 to represent the combined system efficiency. It was 

observed that the combined efficiency of the system is sensitive to SOFC system efficiency 

compared to VARS COP values. If the VARS COP improved from 0.3 to 0.7 under the same 

SOFC efficiency of 45 %, combined efficiency of the system only improved from 48% to 56 

%. However, if the SOFC efficiency increased from 35% to 65% under the same VARS COP 

value of 0.4, combined efficiency increased from 44% to 70%. In addition, the VARS is a heat 

driven system which suffers from low COP values, it is challenging to optimise the VARS 
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performance.  Hence, it is fair to focus on optimisation of the SOFC system performance. 

Hence, this section focused on the SOFC system performance and its optimisation.  

 

 

Figure 5-11 : Contour of the combined system efficiency.  

 

5.3.2.2 Effect of ASR  
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However, the refrigeration power density (Densref) increased approximately 54 %, from 0.11 
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%. This was due to the reduced SOFC system electrical efficiency, from 54 % to 27 %. The 

electrical efficiency loss was so high that even increased refrigeration power could not 

compensate for it. Thus, the SOFC stack with high ASR cannot deliver efficient performance. 

Research and development activities focus on developing a robust SOFC stack for mobile 

applications that can operate at 650 to 700°C with 0.5 Ohm/cm2 of ASR [165]. Hence, this 

study considered reference ASR value (ASR0)  of 0.5 Ohm/cm2 at reference temperature (T0) 

of 700°C.  

 

 

Figure 5-12 : Effect of ASR on system performance parameters (Stack inlet 

temperatures=893 K, UF=0.7, J=0.6 A/cm2, dTstack=100 K).  
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increased approximately 25 %, from 0.32 W/cm2 to 0.4 W/cm2 when the anode inlet 

temperature changed from 853 K to 893 K, as shown in  Figure 5-13. The chemical reaction 

(electrochemical, SMR and WGS) kinetics improved with temperature, and the ASR decreased 

at elevated temperature (eqn.3.37), resulting in improved electrical performance of the system. 

However, the refrigeration power density decreased roughly 15 %, from 0.13 W/cm2 to 0.11 

W/cm2. It was due to more heat being utilised to pre-heat the anode stream at higher 

temperature which reduced net available heat to the VARS. The combined efficiency increased 

from 59 % to 68 %. Thus, a higher anode inlet temperature was found to be advantageous for 

effective and efficient SOFC combined system performance.  

 

 

Figure 5-13 : Influence of anode temperatures upon system performance. 
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combined system efficiency and electrical power density from 69 % to 67 % and 0.42 W/cm2 

to 0.4 W/cm2, as shown in Figure 5-14. The higher cathode inlet temperature also produces 

heat at higher temperature in the burner. Thus, the refrigeration power density increased from 

0.10 W/cm2 to 12 W/cm2. Interestingly, electrical density and combined efficiency marginally 

decreased by 4 % and 2 %, respectively; however, refrigeration density was improved by 20 

%. Therefore, it is beneficial to operate the combined system with a higher cathode inlet 

temperature to counterbalance the electrical and thermal performance of the SOFC system, 

especially when refrigeration power density improves significantly. Therefore, in the further 

simulation SOFC system would be operated with maximum possible inlet temperature which 

is 893 K as mentioned in Table 5-10.  

 

 

Figure 5-14 : Influence of cathode temperatures upon system performance. 
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5.3.2.4 Effect of recirculation ratio  

 

The effect of recirculation ratio on the combined system performance is outlined in Figure 

5-15.  It was observed that the net power density (Dens net) and combined efficiency of the 

system reduced from 0.53 W/cm2 to 0.507 W/cm2 and 65 % to 62.7 %, respectively when the 

recirculation ratio varied from 0.6 to 0.81. The higher recirculation rate introduced high amount 

of steam to inlet of the stack, which dilutes the H2 concentration and its partial pressure. It 

reduced the system power and efficiency. In addition, with higher recirculation rate, the burner 

received reduced flow of combustible gases from SOFC stack which eventually reduce the 

available heat from the SOFC system. Hence, SOFC system at higher recirculation rate is 

neither preferred from the SOFC operation nor for the VARS performance. Hence, in this study 

recirculation rate was decided such a way that, it can provide SC ratio value of 2.2 at the stack 

inlet to avoid any possibility of the carbon formation.  

 

 
Figure 5-15 : Effect of recirculation rate on the SOFC system performance. 
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5.4 Thermal Integration of SOFC System with VARS 
 

If the thermal integration of the SOFC system with the VARS is not carried out efficiently, it 

would reduce the combined system efficiency. In a conventional SOFC system layout (Figure 

3-16), the available exhaust heat from the SOFC is utilised for preheating the inlet gases, with 

the remaining heat directed towards the VARS via heat recovery exchanger.  It is usual to 

extract heat from SOFC exhaust temperature up to 50 to 60°C with the combined heating and 

power cogeneration systems [19,60,166]. However, SOFC exhaust temperature greatly relies 

upon the thermal oil circuit temperatures in the current system. As mentioned in Table 5-2 that 

the VARS needs heat source temperature of 220°C (493 K). Temperatures of thermal oil circuit 

with VARS heat source temperature of 220°C (493 K) is shown in Figure 5-16.   

 

 

Figure 5-16 : Working temperatures of thermal oil circuit. 

 

With given thermal oil temperature range, SOFC exhaust outlet temperature was determined 

in the range of 200-205°C by assuming approximate CTA value of 10-15°C (Figure 5-16).  

Therefore, it was not feasible to extract maximum possible amount of heat from the SOFC 
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exhaust with a conventional layout. It represented an opportunity to develop modified SOFC 

system layout which can extract the maximum amount of heat from the SOFC exhaust for such 

systems. Therefore, a modified SOFC system layout was investigated, as shown in Figure 5-17. 

A modified SOFC system layout was equipped with two air heat exchangers. The primary 

reason was to utilise the available heat from the SOFC exhaust leaving the waste heat recovery 

exchanger. The SOFC exhaust leaving the oil exchanger enters the first air HX and preheats 

air before entering the second air heat exchanger. Due to preheating of the air, less heat was 

needed to heat-up the air up to SOFC operating temperature in the second air heat exchanger. 

Hence, a modified layout improved the internal heat recovery in the SOFC system heat 

exchanger network.   

 

 

Figure 5-17 : A modified layout of SOFC system integrated with VARS. 

 

The improved performance of the modified SOFC system layout can be explained in  Figure 

5-18. Figure 5-18 shows air path and oil path working temperatures comparison between 
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conventional and modified layouts. A higher amount of oil flow (4.5E-3 g/s/cm2 area of stack) 

could be heated up with the modified layout compared to the conventional layout (1.5E-3 

g/s/cm2 are of stack). It should be noted that temperature crosses of hot and cold fluid are not 

considered in this comparison study between two layouts. The higher amount of heated oil flow 

resulted into greater amount of refrigeration load from the VARS. In this comparison analysis, 

the CTA for heat recovery exchanger was assumed 15°C for both layouts. It also fixed the 

SOFC exhaust temperature at the oil heat exchanger outlet (205°C) for both layouts. Due to 

preheating of air in the modified layout, SOFC exhaust entered oil heat exchanger at higher 

temperature of 335 °C in the modified layout compared to the conventional layout (250°C). 

Therefore, the higher temperature gradient was available in the oil heat exchanger with the 

modified layout, resulting in improved heat transfer and able to heat high amount of oil flow 

which also delivered high amount of heat to VARS.   

 

 

       (a) conventional layout                             (b) modified layout 

Figure 5-18 : Working temperatures of air path and thermal oil circuit in conventional layout 

and modified layout. 
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Figure 5-19 compares the performance of these layouts under varying current density at a 

constant 0.7 fuel utilisation and 893 K stack inlet temperatures. At lower current density (0.2-

0.3 A/cm2), the modified layout showed marginally improved performance; however, at mid 

and higher current density (above 0.3 A/cm2), a significant difference in the performance was 

observed between both these layouts. It was also understandable as the SOFC stack produced 

a significant amount of heat at higher current density, at high current density stack was fed with 

higher amount of air to keep its temperature constant (993 K). It also increased recovered heat 

from the SOFC exhaust via afterburner. At the highest current density (0.85 A/cm2), 

refrigeration power density (Densref) and combined efficiency of the system with a modified 

layout were approximately 240 % and 15 % higher than the conventional layout. 

 

 

Figure 5-19 : Performance comparison between conventional and modified layout. 

 

Hence, it was proved that the modified layout performed efficiently compared to conventional 
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study as shown in Figure 5-20 to determine optimised operating conditions for the SOFC 

system to power a VARS for different types of trucks and applications.  

 

 

Figure 5-20 : SOFC integrated VARS combined system layout for the steady state analysis. 

 

5.5 Operating Envelope of SOFC System  
 

It was essential to characterise SOFC current density-voltage and current density- power 

density curves to carry out further process of the simulation. The effect of current density upon 
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the cell voltage (Vcell) and power density are illustrated in  Figure 5-21 and Figure 5-22 for the 

three different values of fuel utilisation (0.7, 0.75 and 0.8).  

 

 

Figure 5-21 : SOFC current density-voltage curve.  

 

 

Figure 5-22 : SOFC current density-power density curve. 
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As current density increases, voltage losses increased (eqn.3.38), which reduced cell voltage. 

Higher fuel utilisation led to a decrease in partial pressure of the fuel towards the fuel channel 

exit, which caused the further reduction of cell voltage, as shown in Figure 5-21.  Stack power 

density increased up to 1.1 A/cm2 current density, and it reached its maximum value of 0.58 

W/cm2 as shown in Figure 5-22.  

 

SOFC facilitates an opportunity to generate efficient electric power production on-board. There 

are interesting options available to utilise the electric power produced by SOFC on-bord.  One 

promising way to utilise electrical power generated by SOFC is to store it in a battery to satisfy 

either auxiliary power or range extender for electrified trucks. In future, SOFC could also act 

as a prime mover to provide tractive force. Thus, the SOFC system with VARS can be 

integrated on trucks with three different configurations as follows: 

1. Auxiliary power unit (APU): to satisfy auxiliary/hotel loads of the vehicle. 

2. Range extender: to increase the range of the electric vehicles/electrified powertrain.  

3. Prime mover: SOFC to provide tractive force to the vehicle.  

 

The maximum possible auxiliary power requirements and refrigeration load of a different 

trucks are shown in Table 5-11 [167].  

 

Table 5-11 : Maximum auxiliary power and refrigeration load requirements of different 

trucks. 

Type of truck Maximum Auxiliary 

power requirement 

(kW) 

Maximum 

refrigeration load 

(kW) 

Power to 

refrigeration 

ratio 

Small 5 2.8 1.8 

Medium 5 3.9 1.3 

Large 15 6 2.5 
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The operating envelope of SOFC for all these three configurations could be different when 

satisfying the electrical power requirements according to targeted applications. Therefore, the 

next important step in the simulation process is to determine preferred operating conditions of 

the SOFC system to power VARS for different types of trucks. 

 

In the next step of simulation, the fuel utilisation  and current densities were selected as varying 

input parameters. Here, SOFC system characteristics were determined for large trucks first. 

Once determined, the scale of the SOFC stack was changed by varying the number of cells in 

the stack to meet the refrigeration load for a medium refrigerated truck and small refrigerated 

trucks.  

 

5.5.1 SOFC APU application - large trucks 
 

Contour plots were used to understand SOFC-VARS combined system behaviour in achieving 

6 kW of refrigeration power. The power density is one of the critical factors in evaluating the 

feasibility of the SOFC system for automotive transportation; power density also significantly 

relies on the active area of the stack. Therefore, the first contour plot shows the results for a 

variation of active stack area (Astack) under different operating conditions as shown in Figure 

5-23.  At low fuel utilisation, more unreacted fuel was available at the inlet of afterburner, 

releasing more heat. Hence, the required amount of heat to operate the VARS could be obtained 

with a lower Astack, as shown in Figure 5-23. As current density increases, the inlet fuel flow 

rate to the system also increases which results in more fuel combusted in the afterburner and 

consequently the release of more heat. Therefore, if the SOFC stack operated at higher current 

density, the Astack to achieve the required refrigeration load would be lower. It was found that 

the SOFC stack requires as high as 25.1 m2 active area if the SOFC was to be operated at 0.2 

A/cm2 current density and 0.8 fuel utilisation to satisfy 6 kW refrigeration load. However, it 
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can be as low as 1.3 m2 if SOFC stack is operated at 1.5 A/cm2 current density and 0.7 fuel 

utilisation.  

 

 

Figure 5-23 :  Contour plot of stack active area requirements for 6 kW refrigeration 

power output. 

 

 

Figure 5-24 : Contour plot of SOFC system power for 6 kW refrigeration power output. 
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Figure 5-24 illustrates net electrical power (Pelectric,net) (eqn.3.63)  produced by the SOFC to 

achieve a 6-kW refrigeration load at different operating points. This refrigeration load can be 

satisfied with Pelectric,net ranging from 48 kW to 4 kW. From Figure 5-23, at higher values of 

current density, it follows that the required active area in the SOFC stack was reduced. A 

reduced stack area also contributed to reducing the Pelectric,net from the SOFC stack as the 

available electric power is proportional to the active stack area. In addition, a higher current 

density (>1.1 A/cm2) also power density, as shown in Figure 5-22,  resulting in reduced 

Pelectric,net at higher current density.  

 

 

Figure 5-25 : Contour plot of system electrical power to refrigeration power ratio. 
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to operate at a 2.5 RatioEtoR (Table 5-11). The SOFC stack needs to be operated near 0.7 to 

0.9 A/cm2 current density and preferably lower fuel utilisation in the range of 0.7 to 0.75 to 

achieve a RatioEtoR of 2.5.  

 

 

Figure 5-26 : Contour of combined efficiency. 

 

The primary objective of integrating a VARS with an SOFC is to enhance overall system 

efficiency (ηcogeneration) of the system.  Therefore, SOFC-VARS ηcogeneration should be high 

enough to justify the integration of the SOFC with VARS. The contour plot of ηcogeneration is 

shown in Figure 5-26. Figure 5-26 shows the combined efficiency decreased from 80% to 40% 

as the value of current density increased from 0.2 to 1.5 A/cm2. It was observed that at low fuel 

utilisation, the combined system showed enhanced performance.  This can be understood by 

observing Figure 5-21, since a higher cell voltage is achieved at low fuel utilisation, and system 

generated high thermal power at low fuel utilisation which was advantageous to drive VARS.    

It can be seen from  Figure 5-26 that the system needs to be operated below 0.5 A/cm2 current 

density to achieve higher combined efficiency (> 70 %).  However, it was not possible to 
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achieve required RatioEtoR for large truck it SOFC system operated below 0.5 A/cm2 current 

density as shown in Figure 5-25. Therefore, the system must compromise its efficiency to 

match SOFC APU electrical and refrigeration power requirements.  

 

 

Figure 5-27 : Variation of power density at different fuel utilisation and current density. 

 

Figure 5-27 shows the influence of current density and fuel utilisation on power density values 

of the system. Net electrical power density (Denselec,net) (eqn.3.64) increased up to 0.9 A/cm2 

current density, and further increment in current density reduced Denselec,net. The highest 

achievable system Denselec,net was 0.45 W/cm2 at 0.9 A/cm2 current density and 0.7 fuel 

utilisation. At higher current density, voltage losses increased further (higher heat generation), 

and the required mass flow of air increased to keep stack temperature constant which increased 

the system's parasitic losses and reduced Denselec,net. However, net power density (Dens net)  

(eqn.3.67) continued rising, as system generated more heat at high current density which 

increased refrigeration power density (Densref) (eqn.3.66). Dens net increased remarkably up 

to 1.2 A/cm2 of current density. It was observed that Dens net only increased by 1.6 % if the 
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current density increased from 1.2 A/cm2 to 1.4 A/cm2. However, system efficiency reduced 

from 50 % to 41 %, as shown in Figure 5-26 if the current. Therefore, the less efficient 

performance of the system could not be compensated by the increased power density if the 

system was operated above 1.2 A/cm2 of current density.  

 

ηcogeneration and Dens net trend was the most interesting result to investigate in detail. Figure 

5-26 shows that the system demonstrated high efficiency (70 % to 80 %) at low current density 

values. However, at a lower current density (0.2-0.4 A/cm2), net electrical density between 0.2 

and 0.25 W/cm2, as shown in Figure 5-27 . Operating the SOFC system at such a low power 

density range for automotive transportation is not recommended. It is recommended to operate 

SOFC system at high power density ( above 0.35 to 0.4 W/cm2) [148,168]. To achieve high 

power density, it was proposed to operate an SOFC system around 0.6 to 0.9 A/cm2 current 

density and 0.7 to 0.75 fuel utilisation. ηcogeneration was not at its peak with such high current 

density values as shown in Figure 5-26. The high value of current density delivered enhanced 

power density of the SOFC system; however, it also reduced the system efficiency.  

 

Decarbonisation of refrigerated transportation is also one of the motivations for conducting this 

research study. The SOFC system fuelled with hydrocarbon also emits CO2 emissions. The 

operating envelope affects the carbon footprint of the system significantly. The contour plot of 

CO2 emissions from the system is depicted in Figure 5-28. Emissions (eqn.3.71) increased 

with the current density, this was due to the increased fuel consumption by SOFC stack, and 

more fuel being combusted in the afterburner. Emissions from the system increased at low fuel 

utilisation, where a higher amount of unreacted fuel from the stack entered and combusted in 

the afterburner, enhancing emissions from the system. However, system emission was more 

sensitive to current density than the fuel utilisation, as shown in Figure 5-28. It was observed 
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that the least possible and highest Emissions from the system were 0.25 kgCO2/kWh and 0.5 

kgCO2/kWh, respectively. The system operation at a low current density and high fuel 

utilisation is advisable to make it environmentally friendly.  

 

 

Figure 5-28 : Contour of system CO2 emissions. 

 

Table 5-12 shows favourable operating conditions for the most important performance 

parameters.  

 

Table 5-12 : Favourable operating conditions for difference performance parameters. 

 

Performance parameter 
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Operating conditions 

Fuel utilisation Current density 

Emissions (kgCO2/kWh) Minimum High Low 

 ηcogeneration Maximum Low Low 

Dens net (W/cm2) Maximum Low High 
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different operating conditions. A preferred set of operating conditions was selected based on 

the maximum value achieved from the benefit function. Operating conditions determined at 

maximum benefit do not necessarily represent an optimised thermodynamic performance. 

Instead, the benefit function created a balance across all the selected objective functions. 

benefit function = f(ηcogeneration, Emissions, Dens net) 5.2 

benefit function =
ηcogeneration ∗ Dens net

Emissions
 

5.3 

  

 

Figure 5-29 : Contour plot of benefit function.  

 

Benefit function variation under different operating conditions is shown in  Figure 5-29. It was 

found that the maximum value of benefit function occurred when system operation was 

between 0.6 A/cm2 and 0.9 A/cm2 current density and 0.7 and 0.75 fuel utilisation. System 

operation at lower current density and high fuel utilisation optimised energetic performance, 

cannot justify efficient thermal performance to power the VARS. In addition, these conditions 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0.7

0.72

0.74

0.76

0.78

0.8 113.7

99.28

84.85

70.43

56
Z_performance_wocp

J (A/cm
2
)

F
u

el
 u

ti
li

sa
ti

o
n

Benefit function



➢ Steady State Analysis of the Combined System 

186 

 

are not favourable operating conditions for  SOFC for automotive transportation, where high 

power density is one of the requirements ( above 0.35 to 0.4 W/cm2) [148,168]. 

 

5.5.2 SOFC APU application - small and medium trucks  

 

One of the driving factors in deciding the operating envelope for SOFC-powered VARS for 

APU applications was its RatioEtoR. As mentioned in Table 5-11, RatioEtoR for medium and 

small trucks was even lower, 1.3 and 1.8, respectively. The same simulation methodology was 

used for small and medium trucks to determine the operating envelope for SOFC APU 

applications. Hence, it is not mentioned here to keep section short. The important findings are 

presented in the next sub-section.  

 

5.5.3 Important findings – SOFC APU application 

 

It was observed that the benefit function favoured SOFC operating envelope with high current    

density (> 0.7 A/cm2) and a low fuel utilisation (≤0.75) as shown in Table 5-13. 

 

The SOFC-powered VARS combined system showed its best performance for large truck 

applications where higher efficiency above 60 % was feasible to achieve. The worst case was 

for medium trucks where the system only achieved the highest 50 % efficiency. SOFC systems 

focused APU for automotive transportation already demonstrated 50 % net electrical efficiency 

[169]. Hence, SOFC system should not operate below 50% of efficiency to power VARS 

(thermal power dominant performance). Therefore, the VARS should only be integrated when 

system efficiency can be enhanced significantly. The maximum combined efficiency of the 

system for small and medium trucks were found 54.6 % and 50 %, respectively.  
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Table 5-13 : SOFC system performance parameters at different operating conditions for different trucks. 

𝐣 
(A/cm2) 

𝐔𝐅 
Benefit 

function 

𝛈𝐜𝐨𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐢𝐨𝐧 

(%) 

𝐃𝐞𝐧𝐬 𝐧𝐞𝐭 

(W/cm2) 

𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬 

(kg/kWh) 

𝐃𝐞𝐧𝐬𝐞𝐥𝐞𝐜,𝐧𝐞𝐭 

(W/cm2) 

𝐏𝐞𝐥𝐞𝐜𝐭𝐫𝐢𝐜,𝐧𝐞𝐭 

(kW) 

�̇�𝐞𝐯𝐚𝐩𝐨𝐫𝐚𝐭𝐨𝐫 

(kW) 

𝐀𝐬𝐭𝐚𝐜𝐤 

(m2) 
𝐑𝐚𝐭𝐢𝐨𝐄𝐭𝐨𝐑 

Large trucks 

0.85 0.75 110 60 0.61 0.33 0.44 14.9 6 3.4 2.5 

0.72 0.7 114 62 0.59 0.32 0.42 15.1 6 3.6 2.5 

Medium trucks 

1.15 0.7 93 50 0.73 0.39 0.43 5.1 3.9 1.3 1.3 

1.25 0.7 88 48.3 0.75 0.41 0.41 5 3.9 1.15 1.3 

1.2 0.75 85 48.5 0.72 0.408 0.41 5.1 3.9 1.2 1.3 

1.2 0.8 81 48.4 0.69 0.41 0.40 5.2 3.9 1.4 1.3 

Small trucks   

1 0.7 106 54.6 0.7 0.36 0.45 5.1 2.8 1.2 1.8 

0.96 0.75 101 54.6 0.67 0.36 0.44 5.2 2.8 1.3 1.9 

1.28 0.75 95 51.3 0.706 0.38 0.43 4.9 2.8 1.0 1.8 

1.15 0.8 89 51.2 0.68 0.39 0.42 4.8 2.8 1.1 1.7 
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SOFC system needs to operate at current density closer to/higher than 1 A/cm2 for small and 

medium refrigerated trucks to match the RatioEtoR demand. Therefore, employing SOFC-

powered VARS for small and medium trucks does not enhance combined system efficiency 

significantly. However, the large truck system's efficiency improves remarkably. Thus, 

developing such a system for large truck is more advantageous compared to small and medium 

trucks. As far as SOFC APU applications for large trucks is concerned, the SOFC needs to be 

operated somewhere around 0.7 to 0.8 A/cm2 of current density and 0.7 to 0.75 fuel utilisation 

to fulfil RatioEtoR.  

 

5.5.4 A hybrid VARS powered by SOFC and burner 
 

The SOFC system needs to develop as an APU to power a VARS for small and medium trucks, 

a hybrid VARS powered by SOFC exhaust and an additional heat source could be a novel 

solution, better configuration to the vehicle needs. In this configuration, the SOFC exhaust only 

delivers a partial amount of the refrigeration load demand, and an additional heat source 

supplies the remaining refrigeration load. The SOFC system is always equipped with a burner 

as an additional heat source. Therefore, it is possible to burn additional fuel in the burner to 

satisfy refrigeration load demand. A schematic of hybrid VARS powered by SOFC, and burner 

is shown in Figure 5-30. In this configuration, the SOFC system can be operated to satisfy 

electrical power requirements, and refrigeration load can be matched by both SOFC and burner. 

However, it is essential to determine possible efficiency enhancement with this hybrid 

configuration. SOFC system achieved 50 % and 54.6 % combined efficiency for a medium and 

small truck to match the required RatioEtoR as mentioned in above section. Therefore, a hybrid 

system must deliver higher efficiency than what has been achieved already. If the hybrid system 

does not enhance system efficiency considerably, then it is not worth exploring a hybrid VARS 
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for small and medium truck APU applications. A simple analysis was carried out to find the 

potential of a hybrid VARS.  

 

 

Figure 5-30 : A schematic of hybrid VARS powered by SOFC and burner.  

 

A hybrid system possesses only a small change during operation compared to SOFC system 

layout depicted Figure 5-20. The fuel split to burner is always activated during nominal 

operation of the system with such a hybrid system. Fuel split to burner is highlighted in Figure 
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5-30. Apart from this small change, remaining system works same as explained in the previous 

section. There is a no change in the components and sub-systems in the hybrid system 

compared to SOFC-VARS combined system.  

 

 

Figure 5-31 : Additional refrigeration power needed for 5 kW SOFC APU- medium truck. 

 

Figure 5-32 : Additional refrigeration power needed for 5 kW SOFC APU- small truck. 
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Figure 5-33 : Efficiency and power density curve of a hybrid VARS for medium and small 

truck. 

 

A maximum auxiliary power requirement for both small and medium trucks, was 5 kW (Table 

5-11). Therefore, a parametric analysis was carried out for a 5 kW SOFC system. The system 

was subjected to different current density and fuel utilisation to identify the additional amount 

of refrigeration load that needs to be satisfied by the burner. This is shown in  Figure 5-31 and 

Figure 5-32 for medium and small trucks, respectively. The required refrigeration load demand 

for medium and small truck was 3900 W and 2800 W, respectively (Table 5-11). It was 

observed that the additional amount of refrigeration power needed to be fulfilled decreased 

with increase in current density as shown in Figure 5-31 and Figure 5-32,  which was as 

expected.   Denselec,net and ηcogeneration graphs are plotted at a constant fuel utilisation of 0.7 

as shown in Figure 5-33. If the SOFC system would be operated at 0.38 W/cm2 of Denselec,net 

(in match with automotive transportation requirements) at 0.7 fuel utilisation and 0.56 A/cm2 

of current density, a hybrid system could achieve efficiency as high as 56% and 60 % for 

medium and small trucks, respectively. It highlights the possible improvement of the overall 
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efficiency of hybrid VARS systems compared to SOFC exhaust-driven VARS. SOFC exhaust 

fulfilled only 1450 W of refrigeration power with this operating envelope for medium and small 

trucks. Hence remaining 2450 W and 1350 W of refrigeration power for medium and small 

trucks needed to be obtained by supplying additional heat to VARS by the burner.  It was also 

observed that at higher current density (>1.1 A/cm2), truck size did not influence efficiency up 

to a great extent, it was due to enough amount of heat available from SOFC system exhaust to 

satisfy the maximum refrigeration load demand of 3900 W.  

 

Table 5-14 : Comparison between SOFC-VARS and hybrid VARS for medium and small 

trucks.  

Performance parameters 

Medium truck Small truck 

SOFC-

VARS 

Hybrid 

VARS 

SOFC-

VARS 

Hybrid 

VARS 

j (A/cm2) 1.1 0.56 1 0.56 

UF 0.7 0.7 0.7 0.7 

ηcogeneration (%) 50 56 54.6 60 

Denselec,net (W/cm2) 0.43 0.38 0.45 0.38 

Emissions (kg/kWh) 0.39 0.36 0.36 0.33 

Pelectric,net (kW) 5.1 5 5.1 5 

RatioEtoR 1.3 3.4 1.8 3.4 

Astack (m2) 1.3 1.4 1.2 1.4 

Ref. power from SOFC exhaust 

(kW) 

3.9 1.45 2.8 1.45 

Ref. power from burner exhaust 

(kW) 

- 2.45 - 1.35 

Additional heat generation in 

burner (kW) 

- 6.4 - 3.5 

Additional fuel to burner (g/s) - 0.13 - 0.07 

 

Table 5-14 outlines a comparison between SOFC-driven VARS and hybrid VARS. A hybrid 

VARS showed approximately 6 % and 5 % higher  ηcogeneration compared to SOFC driven 

VARS for medium and small trucks, respectively, as shown in Table 5-14. In addition, a hybrid 
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VARS emitted approximately 8 % reduced GHG emissions compared to SOFC-driven VARS 

even though additional fuel to burner was supplied. This was due to overall reduced fuel 

demand (fuel to SOFC stack and fuel to burner) with hybrid VARS compared to SOFC driven 

VARS.  As explained above, SOFC-driven VARS should not be the preferred choice for 

medium and small trucks APU application due to the low RatioEtoR requirement. A Hybrid 

VARS delivered enhanced energetic performance (efficiency) and environmental performance 

(GHG emissions) compared the SOFC-driven VARS. Therefore, a hybrid VARS was found 

preferred option  for medium and small truck SOFC APU applications. It should also be noted 

that hybrid VARS is still far more efficient (by 25 % to 30 %) compared to diesel driven 

conventional TRUs, which are only 30 % efficient. 

 

5.5.5 SOFC- range extender application 
 

Udomsilp et al [41] demonstrated that the required SOFC system power output should be 

higher than 15 kW for range extender application focused on long-distance driving. Hence, 

SOFC as a range extender for large trucks found to be most preferred application to power 

VARS. There is a no strict RatioEtoR requirement for a range extender application. This 

provides degree of freedom to choose the optimised operating envelope to power VARS. There 

are number of operating conditions feasible for SOFC range extender application to power 

VARS to obtain 6 kW of refrigeration power as shown in Table 5-15. Therefore, SOFC 

operating envelop can be chosen to achieve ηcogeneration and the required Denselec,net. As 

shown in Table 5-15, SOFC integrated VARS for rage extender application can deliver as high 

as 68 % ηcogeneration with 0.37 W/cm2 of Denselec,net (comparable to automotive 

transportation requirements). The SOFC system depicted a maximum 0.44 W/cm2 of 

Denselec,net with 60 % ηcogeneration if the operating envelope is chosen to deliver the highest 
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Denselec,net. As far as most efficient operating envelope is concerned, the SOFC system should 

operate at 0.55 A/cm2 of current density and 0.75 of fuel utilisation to achieve 68 % 

ηcogeneration and 0.37 W/cm2 of  Denselec,net and 0.47 W/cm2 of Dens net.  

 

Table 5-15 :  SOFC system performance parameters for range extender application-large 

trucks. 

𝐣 

(A/cm2) 
𝐔𝐅 

Benefit 

function 

𝛈𝐜𝐨𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐢𝐨𝐧 

(%) 

𝐃𝐞𝐧𝐬 𝐧𝐞𝐭 

(W/cm2) 

𝐄𝐦𝐢𝐬𝐬𝐢𝐨𝐧𝐬 

(kg/kWh) 

𝐃𝐞𝐧𝐬𝐞𝐥𝐞𝐜,𝐧𝐞𝐭 

(W/cm2) 

𝐏𝐞𝐥𝐞𝐜𝐭𝐫𝐢𝐜,𝐧𝐞𝐭 

(kW) 

𝐀𝐬𝐭𝐚𝐜𝐤 

(m2) 

0.63 0.7 112 65 0.52 0.30 0.4 18.6 4.7 

0.84 0.75 110 60 0.61 0.33 0.44 14.8 3.4 

0.74 0.7 114 62 0.59 0.32 0.42 15.6 3.6 

0.62 0.75 112 66 0.51 0.30 0.39 20.6 5.2 

0.56 0.7 109 67 0.49 0.30 0.37 21 5.6 

0.65 0.8 112 66 0.51 0.30 0.4 22 5.4 

0.55 0.75 110 68 0.47 0.29 0.37 22.6 6.1 

 

5.5.6 SOFC-prime mover application  
 

The SOFC needs to generate power in the range of 120 kW to 250 kW to act as a prime mover 

for different types of trucks [9]. With this high electrical power generation, the SOFC generates 

sufficient thermal power to obtain refrigeration power demand. Therefore, to power a VARS 

for the SOFC prime mover application, the operating envelope should be selected to optimise 

ηcogeneration with acceptable value of Denselec,net for automotive transportation application. 

Therefore, the SOFC operating envelope preferred for the range extender application As 

mentioned in the above section can be adopted for the prime mover application as well.  

 

5.6 Environmental Impacts of Different Technologies  
 

A brief comparison analysis was carried out in this section to compare the environmental 

impacts of the SOFC integrated VARS with conventional diesel driven VCRS and recently 
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emerged cryogenic systems using Liquid Nitrogen (LN2) and Liquid Carbon dioxide (LCO2) 

for refrigerated transportation. The working principle of cryogenic transportation systems is 

presented in Appendix E. 

 

Rai and Tassou [3,170] presented detailed methodology to compare the environmental impacts 

for 18 and 38 tonne refrigerated trucks for different types of food products with different 

refrigerated transportation technologies. In this study, the same methodology was adopted to 

estimate the emissions from the SOFC-VARS system relative to the functional unit of kg of 

food product - km of distance travelled (gCO2e/kg-km).  

The following assumptions were made in the current analysis: 

• Two types of trucks, an 18-tonne medium size, and a 38 tonne refrigerated trucks were 

considered. 

• 10 % of the refrigerant content was assumed to be lost per year through leaks [171]. 

• The required temperature for frozen product transportation was set to -18C.  

• The food products considered in this study are shown in Table 5-16. It was assumed 

that all the products were pre-frozen at the required temperature before loading into the 

refrigerated compartment,  

• The number of pallets (Npallet) in the 18 and 38 tonne trucks were taken as 6 and 17, 

respectively, with standard stamped Euro pallets with dimensions 1.2 m × 0.8 m [3]. 

• A 10-hour delivery journey with door opening occurring every other hour was assumed 

as the transport profile.  

 

Table 5-16 : Food products considered to compare GHG emissions 

Food product Total weight in Euro pallet (kg) 

Frozen chips 640 

Frozen peas 576 
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Total GHG emissions from the vehicle (GHGtotal) can be expressed as the total of operational 

GHG emissions (GHGoperation) and emissions related to fuel production (GHGproduction), this 

can be determined by eqn.5.4.   

GHGtotal = GHGoperation + GHGproduction 5.4 

 

Further, GHGoperation is the sum of the emissions generated to run the energy generation 

system (prime mover) that powers the refrigeration system (GHGindirect ) and refrigerant 

leakages (GHGdirect) from  refrigeration system:  

GHGoperation = GHGdirect + GHGindirect 5.5 

 

The magnitude of the GHGdirect emissions measured in units of CO2eq depends on the GWP 

value and leaked mass of the refrigerant (Mref,leaked). As mentioned earlier, in this study the 

functional unit is kg of food product-km distance travelled and the GHG emissions were 

calculated as mass of CO2eq per functional unit. Hence, GHGdirect are therefore determined as:   

GHGdirect =
Mref,leakedGWPfactor

NpalletMpalletDHGV
 

5.6 

Where 𝑁𝑝𝑎𝑙𝑙𝑒𝑡,𝑀𝑝𝑎𝑙𝑙𝑒𝑡 and 𝐷𝐻𝐺𝑉 are the number of pallets, mass of pallet and distance travelled 

by the vehicle, respectively.  𝐺𝑊𝑃𝑓𝑎𝑐𝑡𝑜𝑟 is GWP of the refrigerant used in the system.  

 

𝐺𝐻𝐺𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 emissions relate to emissions generated due to combustion/reaction of fuel in the 

energy generation system to power the refrigeration system. It can be expressed as: 

 

GHGindirect =
MfuelEfuel

NpalletMpalletDHGV
 

5.7 
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where Mfuel and Efuel are the total amount of combusted fuel (in kg) and the emission factor 

of the particular fuel employed (in kgCO2eq l
-1), respectively.  

 

GHGproduction greatly relies upon the emissions generated from the production of fuel to run 

the prime mover (GHGfuel,prod.) and production of refrigerant (GHGrefrigerant,prod.). 

GHGproduction can be expressed as:  

GHGproduction = GHGfuel,prod. + GHGrefrigerant,prod. 5.8 

where GHGfuel,prod. and GHGref,prod. were determined as follows: 

GHGfuel,prod. =
Mfuel ∗ EPfuel

NpalletMpalletDHGV
 

5.9 

GHGref,prod. =
Mref, ∗ EPref

NpalletMpalletDHGV
 

5.10 

where EPfuel and EPref are the production related emission factor of the particular fuel and 

refrigerant, respectively, in  kgCO2eq kg-1. 

 

5.6.1 Diesel driven conventional VCRS 
 

Once the refrigeration load  (Q̇refrigeration in kWh) was determined, the required mass of diesel 

(Mdiesel) to drive the refrigeration system was determined,  taking the lower heating value of 

diesel ( diesel ) as 11.8 kWh/kg [172]. Auxiliary diesel engines employed on trucks to drive the 

VCRS display only 20 to 25 % efficiency [173]. Out of the useful power produced by the 

engine, one-third is used to drive auxiliary devices and only two thirds are used to drive the 

compressor, contributing to cooling effect of 1.68 kWh/kg diesel which is comparable to 1.6 

kWh/kg diesel illustrated  by [3].  

 



➢ Steady State Analysis of the Combined System 

198 

 

The required amount of diesel to deliver the refrigeration duty can be calculated from: 

Mdiesel =
Q̇refrigeration

εdiesel
 

5.11 

 

For diesel, the emission factor (Efuel) and the production emission factor (EPfuel) are considered 

as 2.6 kg CO2eq/litter and 0.9 kgCO2eq/litter, respectively [174]. R452A was assumed as the 

refrigerant in use in VCRS. The production emission factor (
refEP ) for R452A  was taken as 

0.214 kgCO2eq /kg of refrigerant [3] and the 
factorGWP  as 2,141 [175] 

 

5.6.2 Cryogenic transportation 
 

The required properties such as specific heat (cp), specific latent heat of vaporisation (Lv) and 

saturation temperature (Tsat) of the cryogenic fluids were determined from the EES library. 

The LN2 and LCO2 pressure in the vehicle tank was assumed to be 3 bar and 8.6 bar, 

respectively [176]. The required mass of LN2 and LCO2 to satisfy the journey cooling load were 

determined from:  

Q
.

refrigeration = MLN2
(LvLN2

+ cpLN2
(Trefrigeration − TsatLN2

)) 5.12 

Q
.

refrigeration = MLCO2
(LvLCO2

+ cpCO2
(Trefrigeration − TsatCO2

)) 5.13 

 

The production emission factors (EPref) for LN2 and LCO2 were taken as 0.254 kgCO2/kgLN2 

and 0.305 kgCO2/kgCO2, respectively [3]. The factorGWP  for LN2 and LCO2 was taken as zero 

and one, respectively.  
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5.6.3 SOFC-VARS combined system  

 

The production related emission factor for methane (EPfuel) was taken as 0.69 kgCO2-eq/kg 

CH4  [177] and for NH3 (EPref)  0.840 kg CO2-eq/kg NH3 [178], respectively. The 
factorGWP  for 

ammonia was considered zero [179]. Figure 5-34 depicts the approach to determine total GHG 

emissions from the different refrigerated transportation technologies. 

 

 

Figure 5-34 : Methodology for determining the GHG emissions from different transportation 

refrigeration technologies. 

 

5.6.4 Average refrigeration load demand over a year 
 

The average monthly temperature to calculate refrigeration demand load  over a year is taken 

from the study caried out by Rai and Tassou [3]. The refrigeration load demand over a year is 

shown in Figure 5-35.  
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Figure 5-35 : Average monthly refrigeration load of 18 and 38 tonnes trucks in the average 

UK climate for a daily cycle of 10 hours.  

 

5.6.5 Amount of fuel needed for different technologies 
 

The VARS and VCRS technologies require heat and electricity to run the refrigeration systems, 

whereas the cryogenic systems ‘merely’ work with an inert gas, though liquified. It was 

therefore hardly possible to compare these technologies on the merits of fuel or energy 

consumption unless the full life cycle was taken into account. As the analysis presented here 

concentrated on GHG emissions, comparison of technologies accomplished based on the 

amount of ‘driving substances’ the vehicle is required to carry, which would also reflect in the 

volume of tanks required, an aspect that is, though, not discussed here. This will be methane 

for the VARS, diesel for the VCRS and the respective cryogenic gases for the LCO2/LN2 

systems. Amounts will be converted via the fuel use of the SOFC and the main diesel engine, 

respectively, for the fuel driven systems. 
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Table 5-17 : Amount of CH4, diesel, LCO2, LN2 and required for 10 hours of journeys in UK 

climate. 

Fuel 18 Tonne 38 Tonne 

CH4 (kg) 

average 26.2 28.3 

min. 23.4 24.3 

max. 30.1 31.9 

Diesel 

(kg) 

average 31.2 33.9 

min. 25.6 27.7 

max. 36.8 40.3 

LCO2 

(kg) 

average 504.5 544.1 

min. 417.2 446.2 

max. 592.3 644.1 

LN2 (kg) 

average 539.5 583.1 

min. 446.2 477.2 

max. 634.5 691.3 

 

Table 5-17 shows the average and peak amounts of CH4, diesel, LCO2, and LN2 required for 

10-hours of product transportation over a year as depicted in Figure 5-35. It was found that the 

CH4 fuelled SOFC-VARS showed least fuel demand followed by conventional VCRS, and 

LCO2 and LN2 cryogenic transportation. Cryogenic transportation refrigerant flow varied 

between 41 kg/h and 69 kg/h. Fuel intensity (fuel used per hour) of conventional VCRS varied 

between 2.5 kg/h and 4 kg/h, while it varied between 2.6 and 3.1 kg/h for SOFC-VARS 

combined system, which was approximately 21% lower compared to diesel engine driven 

VCRS. The SOFC-VARS required approximately 95% less fuel for driving substances 

compared to LCO2 and LN2 cryogenic transportation.  
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5.6.6 Total GHG emissions 
 

The GHG impact of the distribution of frozen food products with conventional auxiliary diesel 

engine powered VCRS, cryogenic transportation using LCO2 and LN2 and SOFC-VARS were 

determined. It was obvious that the greater refrigeration load during summer season required 

more fuel to match the refrigeration load demand, which followed by higher GHGtotal 

emissions compared to the winter season. It can be seen from Figure 5-36 to Figure 5-39 that 

the conventional VCRS emitted the highest amount of GHG emissions for all considered cases, 

followed by the LCO2 and LN2 cryogenic systems, and finally the SOFC-VARS combined 

system. GHGtotalemissions per kg per km from the 38-tonne truck was less compared to 

GHGtotal emissions from the 18-tonne truck for all the considered food products. This was due 

to the higher amount of transported food (Mfood) with the 38 tonne-truck which did not translate 

into the respective increase in cooling load, making the larger vehicle more efficient.  

 

 

Figure 5-36 : Emissions from an 18-tonne truck over a year- frozen chips. 
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Figure 5-37 : Emissions from a 38-tonne truck over a year- frozen chips. 

 

 

Figure 5-38 : Emissions from an 18-tonne truck over a year - frozen peas. 
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Figure 5-39 : Emissions from a 38-tonne truck over a year - frozen peas. 

 

Table 5-18 shows the average and peak amounts GHG emissions from all considered 

technologies over a year for 10-hours of product transportation.   

 

Table 5-18 : Total GHG emissions for a 10-hour journey in average UK climate. 

Food 

products 
System 

Total GHG emission 

(gCO2e/kg-km)- 18 tonne 

Total GHG emission 

(gCO2e/kg-km)- 38 tonne 

average min. max. average min. max. 

Frozen 

Chips 

SOFC-VARS 0.047 0.042 0.053 0.017 0.015 0.020 

VCRS 0.082 0.07 0.094 0.031 0.026 0.036 

LCO2 0.079 0.066 0.093 0.030 0.025 0.036 

LN2 0.067 0.056 0.079 0.026 0.021 0.03 

Frozen 

Peas 

SOFC-VARS 0.053 0.046 0.06 0.022 0.019 0.025 

VCRS 0.091 0.077 0.105 0.034 0.029 0.04 

LCO2 0.088 0.073 0.104 0.034 0.028 0.04 

LN2 0.075 0.062 0.088 0.029 0.023 0.034 
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For all considered food products distribution journeys, GHGtotal emissions from the SOFC-

VARS were approximately 25%-45% lower compared to diesel driven VCRS and cryogenic 

transportation.  

 

5.7 Conclusions  
 

A comprehensive steady-state analysis of the SOFC integrated VARS was carried out in this 

chapter. The SOFC and VARS modelling results were compared with the experimental studies 

available in the literature, both models showed satisfactory accuracy. The operating envelope 

of the combined system operating envelope should be selected to optimise SOFC performance, 

combined efficiency found to be more sensitive to SOFC system efficiency compared to the 

VARS COP. It was also found that the SOFC operating envelope needed to be changed for 

different applications. As far as APU application is concerned, RatioEtoR  requirement affected 

the SOFC operating envelope significantly. The SOFC APU application with large trucks to 

power VARS achieved great efficiency (≥60%) However, for medium and small trucks, it did 

not achieve high efficiency (≤55%). SOFC as a range extender for large trucks to power VARS 

shows highest efficiency of 68 % to cater 6 kW of refrigeration load.  

 

The main takeaways of this chapter are as follows: 

1. The VARS performance was found sensitive to desorber heat source temperature, and 

solution mass flow. The refrigeration capacity of VARS increased approximately 13% 

when desorber heat source increased from 473 K to 493 K. Hence, it was decided to 

operate VARS with 493 K of desorber coupling fluid temperature. In addition, 

refrigeration load was increased from 6 kW to 7.7 kW when solution mass flow was 

increased from 0.018 kg/s to 0.025 kg/s.  
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2. The SOFC system should operate with minimum possible recirculation ratio. The 

higher recirculation introduced great amount of steam at stack inlet which reduced the 

system performance. Also, a smaller amount of combustible gases entered burner with 

high recirculation ratio, which was not advantageous to drive VARS as system 

generated less heat. 

3. It was found that the Denselec,net and ηcogeneration increased by 25 % and 8%, 

respectively  when the anode inlet temperature increased from 853 K to 893 K. The 

change in cathode inlet temperature from 853 K to 893 K reduced ηcogeneration (up to 

2 %). However, it increased the Densref significantly (up to 20 %). Therefore, SOFC 

system operation with highest possible inlet should be preferred.  

4. An SOFC system should be operated at low fuel utilisation (≤0.75). The operation of 

SOFC system at low fuel utilisation improved both electrical and thermal performance 

of the combined system.  

5. A modified SOFC system layout was investigated for the SOFC system to power 

VARS. The heat exchanger network of the SOFC system played remarkable role in 

optimising the system efficiency.  The SOFC system with modified layout showed 

significant improvement with approximately 10 % to 15% enhanced ηcogeneration 

compared to conventional layout. It also increased Densref by approximately 150 % to 

240 % at high current density compared to conventional SOFC system layout.   

6.  For small and medium trucks SOFC APU application, a hybrid VARS powered by 

SOFC exhaust and burner proved to be preferred option compared to SOFC-driven 

VARS. The hybrid VARS achieved approximately 5 % higher efficiency with 8 % 

reduced CO2 emissions compared to SOFC-driven VARS.  

7. The SOFC range extender (for large trucks) and SOFC prime mover application to 

power VARS for refrigerated transportation were the most efficient configurations. 
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These SOFC configurations generate enough heat to power VARS without 

compromising the electrical efficiency of the SOFC system. These configurations have 

excellent combined efficiency of up to 68 %. 

8. The SOFC-VARS emitted approximately 25% to 45% reduced emissions over a year 

compared to cryogenic transportation systems and conventional diesel driven TRUs. 

Therefore, SOFC-VARS presented a great potential to decarbonise the refrigerated 

transportation.  

 

The above steady state modelling results provide crucial information to build transient model 

of the combined system.  Several parameters such as current density, fuel utilization, inlet 

temperature, and mass flow were used in the transient model which is presented in the next 

chapter of this thesis.  
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Chapter 6: Transient Analysis of the Combined 

System 

 

 

 

 

A detailed transient analysis of the SOFC powered VARS combined system is presented in this 

chapter. The transient response of the combined system is determined for the different 

operational phases. The transient response of the system helps to evaluate the feasibility of the 

system to satisfy the end requirements in different operational phases. The system response to 

load following conditions is also outlined in this chapter.  

 

Note: Certain sections of this chapter were published in 14th European SOFC and SOE Forum, 

October 2020, Lucerne, European Fuel Cell Forum [180]. 
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6.1 Different Operation Phases of the System  
 

The six operational phases of the SOFC system are considered in this chapter as shown in 

Figure 6-1. The characteristic of each operational phase is as follows:  

 

 

Figure 6-1 : Different operational phase of the SOFC system.  

 

1. Heat-up & Pre-cooling phase: In the first step, SOFC needs to heat-up to its activation 

temperature from room temperature. In addition, refrigerated transportation requires pre-

cooling of the refrigerated cabinet before a journey. In this study, SOFC system was equipped 

with a burner which can provide heat to the VRAS. Hence, SOFC heat-up and cabinet pre-

cooling phase can take place simultaneously.  

 

2. CPOX operation: SOFC system needs steam before entering its active operation. In this 

study, CPOX reformer was used to generate initial amount of steam needed for the SOFC 

system.  
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3. Start-up phase: During the start-up of the SOFC, the current is ramped-up gradually to 

reach its nominal value. During start-up, it is not recommended to step up the current; it is due 

to the possibility of rapid temperature rise (and also temperature ramp) if the current is stepped-

up. The Start-up phase bridges the heat-up phase and nominal operation load point. 

 

4. Steady state phase:  The steady state phase represented the nominal operation point for the 

SOFC stack which was derived in the previous chapter. 

 

5. Refrigerated cabinet door opening phase: The SOFC stack operating condition needs to 

change according to the refrigeration demand. Refrigeration demand always increases due to 

cabinet door opening. Therefore, a door opening for three minutes in an hour was considered 

to investigate the system thermal transient during door opening. SOFC current needed to be 

increased to generate more thermal power to mitigate increased refrigeration load.  

 

6. SOFC non-operative hours phase: SOFC stack temperature reduces during a non-

operative period of the vehicle due to heat losses from stack to ambient.  Hence, it is necessary 

to require determining the SOFC stack temperate drop-in non-operative hours. The SOFC 

system may encounter occurrence of a non-operative period often for automotive 

transportation.   

 

It was found that the SOFC system layout needed to be updated compared to what has been 

shown in Figure 5-20 (system layout for steady state analysis) to make the system operation 

feasible in all different operating phases. For transient analysis investigation, several mass flow 

splits and CPOX reformer were added in the SOFC system which are highlighted with doted 

lines in Figure 6-2. Storage tanks were considered for VARS transient analysis which was 
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neglected for steady state analysis. These splits were activated according to different 

operational phase. It should be noted that the current study did not consider control valves to 

regulate the flow splits because control methodology was not within scope of the current study.  

 

 

Figure 6-2 : SOFC integrated VARS combined system layout for transient analysis. 

 

Table 6-1 represents activation of air, fuel, and exhaust mass flow splits in different operational 

phase of the system.  
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Table 6-1 : Mass flow split activation during different operational phase of the system.  

Phases Mass flow split activation 

Heat-up & Pre-cooling 

phase  

1. Air and fuel flow split to burner were activated to deliver heat 

generated by burner to power VARS.  

2. All remaining flow splits were deactivated in this phase. 

CPOX operation 1. Air and fuel split to the CPOX reformer were activated to 

generate steam. 

2. Air split to the SOFC stack was also activated. 

3. Burner exhaust split to fuel heat exchanger was activated to pre-

heat feed stream entering CPOX reformer. 

4. Fuel flow split to burner and burner exhaust split to oil heat 

exchanger were activated as CPOX operation phase did not 

produce sufficient heat to power the VARS. VARS was powered 

by SOFC exhaust and burner.  

Start-up phase 1. Fuel and Air split to stack were activated to start the stack 

operation. 

2. Burner exhaust split to fuel HX was activated to pre-heat feed 

stream entering stack. 

3. Fuel split to burner and burner exhaust split to the oil heat 

exchanger were also activated as SOFC start-up phase did not 

produce sufficient heat to run VARS. VARS was powered by 

SOFC exhaust and burner. 

Steady-state phase/ 

Refrigerated cabinet 

door opening phase 

1. Fuel and Air split to stack were activated 

2. Burner exhaust split to fuel HX was activated to pre-heat feed 

stream and to power VARS via oil heat exchanger. The VARS was 

completely powered by SOFC exhaust, burner power was no longer 

needed. 

3. All other splits were no longer activated in this phase 

 

Graphical representation of activated flow path in different phases is shown in Figure 6-3 to 

Figure 6-6.  
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Figure 6-3 : Activated mass flow split in heat-up and pre-cooling phase.  

 

 

Figure 6-4 : Activated mass flow split in CPOX operation phase. 
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Figure 6-5 : Activated mass flow split in start-up phase. 

 

 

Figure 6-6 : Activated mass flow split in steady-state phase/ Refrigerated cabinet door 

opening phase. 
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As mentioned in the previous chapter (section 5.5.5), an SOFC as a range extender was the best 

possible configuration to integrate with VARS. It was derived that the SOFC system with 22.6 

kW of power could operate 6 kW of VARS at nominal operation. Hence, transient 

characteristics are evaluated for a 22.6 kW SOFC system (25 kW SOFC stack) and its BoP 

components. The transient model of both systems was developed in MatLab/Simulink 

software. In the transient simulation, NH3-H2O properties were taken from the study carried 

out by Goyal [181], and gas properties for the SOFC system modelling were adopted from the 

EES software.   

 

It was extremely challenging to validate SOFC system transient model due to lack of data 

available in the literature. In addition, literatures focused on SOFC system transient response 

do not contain all the required information needed to validate the system transient model. 

Therefore, the current study did not include validation of the SOFC system transient response. 

Nevertheless, steady state I-V curve has been validated in section.5.3.1. The VARS transient 

model was validated with results obtained from the experimental set-up as mentioned in 

Chapter 4:.   

 

6.2 Heat-up & Pre-cooling Phase Transient 
 

6.2.1 SOFC heat-up transient  
 

The heat-up phase of the SOFC stack is one of the most challenging aspects of the SOFC 

systems, especially for automotive applications. Rapid heat-up of the SOFC stack is the 

primary requirement for automotive transportation. However, the rapid heat-up of the SOFC 

accelerates the thermal gradient and stresses inside the SOFC stack, affecting the SOFC 

system's durability and resilience. Khanafer et al. [182] conducted a comprehensive thermo-
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mechanical and CFD analysis of different heat-up procedures for SOFC automotive 

applications. The authors considered three different heat-up ramps: exponential, parabolic and 

linear strategies, shown by curves A, B and C, respectively in Figure 6-7.  Curve A represents 

the exponential relationship between time and heat-up speed, where heat-up speed gradually 

decreases over time. The ramp reaches a maximum value and then decreases, as depicted by 

curve B in Figure 6-7. Curve C is characterised by constant heat-up speed. It was observed that 

constant heat-up speed should be the least preferred option. It was found that the heat-up 

strategy with a curve A led towards more uniform temperature distribution. Uniform 

temperature distribution over a stack eliminates thermal stress in the SOFC stack. Curve A 

characterises an initial heat-up rate as high as 20.4 °C/min to a final least value of 1.3 °C/min. 

Authors recommended developing an SOFC heat-up strategy that can replicate curve A 

characteristics.  

 

 

Figure 6-7 : Heat-up strategy proposed out by Khanafer et al. [182].  

 

Bossel [183] demonstrated SOFC modules with heating element integrated into the bipolar 

plate, as shown in Figure 6-8. This configuration should be the preferred option for SOFC 

system focused on automotive applications. Integrated heating element facilitates SOFC stack 
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with rapid heat-up compared to conventional heat-up strategy. Conventional heat-up strategies 

use external start-up heater power or burner to warm up the air/gas mixture. The cathode hot 

air passes through SOFC channels and heats up the SOFC stack. Heat loss in the conventional 

heat-up process was high compared to heat-up with an integrated heating element 

configuration. The author concluded that 100 Wh electric energy from battery was needed to 

heat an SOFC stack with 16 cells (stack nominal power 200 W) to 600°C. 

  

 

Figure 6-8 : Electrical heating element integrated SOFC bipolar plate [183]. 

 

The automotive powertrain is always equipped with a battery. Hence, electric power to the 

heating element can be supplied from the battery during SOFC heat-up. The battery can be 

recharged later during SOFC system operation. SOFC heat-up with an integrated heating 

element looks promising, especially for automotive transportation. Therefore, in this study, it 

was assumed that the SOFC stack is equipped with the heating element.  
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Electrical power supplied to the heating element (Pelectric) was determined by using eqn.6.1. 

With available stack ramp (
dTs

dt
), the thermal capacitance of the stack ((mcp)s) and heat losses 

(Q̇loss) by using eqn.6.1. 

Pelectric = (mcp)s

dTs

dt
− Q̇loss 

6.1 

This study determined electric power consumption for three different heat-up strategies, as 

shown in Figure 6-7.  It was assumed that the required amount of electrical energy to heat-up 

the SOFC stack was powered by on-board battery.   Three different heat-up strategies were 

explained in the previous section are adopted here; therefore, they are only mentioned briefly 

here as follows: 

(i) Strategy A: Temperature ramp is an exponential function with respect to time,  

(ii) Strategy B: Temperature ramp increased with time up to a particular value, and then 

it starts reducing with time,  

(iii) Strategy C: Constant temperature ramp. 

 

 

Figure 6-9 : Time function of temperature ramp (heat-up speed). 
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Electric power to the heating element needs to be adjusted to match the required heat-up speed 

according to eqn. 6.1. The time function of electrical power to the heating element is shown in 

Figure 6-10. The strategy A and B require 28 kW and 18 kW maximum electric power, 

respectively. The minimum electric power requirement for strategies A and B was roughly 4.5 

kW and 9 kW, respectively. Strategy C required a constant 13 kW electric power. 

Commercially available SOFC stack can sustain a temperature ramp rate up to 15 K/min (0.25 

K/s). Therefore, the rate of change of electrical power was selected so that the maximum 

temperature ramp during heat-up should not cross the limit of 15 K/min (0.25 K/s). The initial 

temperature of the stack was assumed to be standard atmospheric temperature (25°C). Heat-up 

strategy A resulted in a rapid temperature rise of the stack with strategy A compared to B and 

C, which can be seen in Figure 6-11. The SOFC heat-up phase tool approximately 4100 s (1 

hour 10 minutes) to achieve a minimum SOFC temperature to start its operation, as shown in 

Figure 6-11. Heat-up of the SOFC from colder temperatures might take longer, but this is not 

the primary focus of this study.  

 

 

Figure 6-10 : Time function of electrical power of heating element. 
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Figure 6-11 : Temperature transient during heat-up phase. 

 

The heat-up transient analysis also helped to determine the power needed from the battery, 

which also decided the battery size. Table 6-2 outlines the battery capacity needed for all the 

heat-up strategies. It is determined that strategy A required the largest capacity battery with 

15.1 kWh capacity, followed by strategy C (14.7 kWh) and strategy B (14.2 kWh). Strategy A 

required higher electrical power during the initial heat-up phase, resulting in the highest 

electrical consumption. It was found that all three considered heat strategy required 

approximately same energy input to heat-up the SOFC stack, required energy difference 

between different strategies was negligible.  

 

Table 6-2 : Battery capacity for different heat-up strategies. 

Heat-up strategy Battery size (kWh) 

A 15.1 

B 14.2 

C 14.7 
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Khanafer et al. [182] concluded that the heat-up of the SOFC with exponential characteristics 

was most beneficial for the SOFC stack. Therefore, strategy A should be recommended to heat 

the SOFC. The following equation eqn.6.2 describes the time function of the temperature ramp-

up. 

dTstack

dt
= 0.24 ∗ 𝐞𝐱𝐩(−0.00045 ∗ time) 

6.2 

 

It should be briefly noted here that this analysis only considered the heat-up of the SOFC stack. 

However, a few BoP components, such as the heat exchangers and CPOX reformer also needed 

to heat up along with the stack. The CPOX reformer must be heated-up to its activation 

temperature. Heat-up of the heat exchangers and the stack should be heated-up to avoid any 

large temperature gradient between the components. The SOFC system is equipped with a 

burner. A small amount of CH4 should supply to the burner, and hot exhaust from the burner 

can be used to preheat the SOFC system heat exchangers. Transient characteristics of pre-

heating BoP components did not contribute significantly to the primary motive of this transient 

research study; hence it was not considered in the current analysis.  

 

6.2.2 VARS pre-cooling phase transient 

 

Once the heat-up transient was evaluated, the next step was to perform the transient analysis 

of pre-cooling phase of the refrigerated cabinet. The nominal load of the refrigeration system 

in this analysis was determined 6 kW (section.5.1). It was observed that the pre-cooling phase 

took less time if refrigeration system was operated at peak load than its nominal load. The 

concentrated solution flow and other input parameters for VARS to operate at its nominal load 

and peak load were taken from Table 5-5 and TableTable 5-7, respectively. These inputs from 

the steady-state model were fed to the transient model. The comparison of time taken to 
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accomplish the pre-cooling phase is shown in Figure 6-12. The variation of refrigerated cabinet 

temperature was determined using eqn.3.24. It was observed that the pre-cooling phase takes 

approximately 4150 s and 6500 s if VARS is operated at 7.7 kW (peak load) and 6 kW (nominal 

load), respectively. Therefore, the VARS could be operated at its peak load during pre-cooling 

phase. One of the advantages of operating VARS at its peak load during pre-cooling phase was 

the similarity of the pre-cooling phase duration with SOFC heat-up time. The refrigerated 

cabinet achieved the required temperature of 255 K within 4150 s which was very close to 

SOFC heat-up duration, which last long, approximately 4100 s, as shown in Figure 6-11. The 

prolonged heat-up period is one of the significant constraints of SOFC for automotive 

application. However, with refrigerated transportation, a journey cannot begin without pre-

cooling the refrigerated cabinet. If SOFC can achieve the heat-up phase whilst at the same time 

running the pre-cooling of the refrigerated cabinet, then the long SOFC heat-up period is no 

additional burden.  

 

 

Figure 6-12 : Comparison of pre-cooling phase duration. 
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Refrigerated cabinet temperature variation entirely depends upon the VARS transient. 

Therefore, a detailed transient of each VARS component is presented below.  

 

 

Figure 6-13 : Transient of Oil HX during pre-cooling period. 

 

The Oil HX temperature variation during the pre-cooling phase is shown in Figure 6-13. The 

rapid increase in the exhaust inlet temperature (T12  in Figure 6-2) is understandable due to 

burner operation. A steady state hot exhaust inlet temperature (T12  ) of 680 K was achieved 

within (∼ 40 s). As explained in section 3.8.2 that, the thermal mass of the heat exchanger is 

added to the hot fluid side; hence, hot exhaust outlet temperature showed a slower thermal 

response compared to a cold fluid oil. Exhaust outlet temperature (T16  ) attains its steady state 

value of 510 K after 600 s. Oil was heated up to its steady state temperature (T18 ) of 493 K 

within approximately 400s. Oil and exhaust displayed a smooth temperature profile due to 

burner operation with constant CH4 and air flow rate (constant power). CH4 mass flow and air 

mass flow during this phase is illustrated in Figure 6-28 and Figure 6-29 respectively.   
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Figure 6-14 : Pressure transient of refrigeration system during pre-cooling period. 

 

High and low side pressure transient during the pre-cooling period of the absorption 

refrigeration system is shown in Figure 6-14. The high side pressure encountered a rapid 

increase from 490 kPa to 1800 kPa from 0 s to 400 s. The rapid rise in high side pressure was 

expected due to a rapid rise in oil temperature from 303 K to 450 K within the initial 300 s, as 

shown in Figure 6-13. Heat transfer in desorber evaporated a higher amount of refrigerant 

vapour (NH3) from the NH3-H2O concentrated solution. An increased amount of refrigerant 

vapour could not condense entirely in the condenser due to poor heat transfer during the initial 

phase of system operation. It was due to the low-temperature difference between coupling fluid 

and refrigerant vapour in the condenser, as shown in FigureFigure 6-15. Hence, the refrigerant 

vapour as a two phases mixture enters refrigerant tank which eventually increased the high side 

pressure, as shown in Figure 6-14. After 250 s, the high side pressure displayed slight variation. 

It can be explained by presenting a variation of vapour quality at the condenser outlet. The 
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the high side pressure showed a slight variation after 200 s once the condenser condensed 

incoming refrigerant vapour completely (vapour quality zero). 

 

 

Figure 6-15 : Condenser temperature transient during pre-cooling period. 

 

 

Figure 6-16 : Refrigerant vapour quality variation at condenser and evaporator outlet during 

pre-cooling period.  
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Figure 6-17 : Ammonia concentration variation in the absorption refrigeration system during 

pre-cooling period. 
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was found that the high side pressure transient was faster compared to the low-pressure 

transients. This observation agreed with the study carried out by Viswanathan [85]. It was 

mainly due to the rapid refrigerant vapour generation in the desorber by heated oil, as shown 

in Figure 6-19.  

 

Figure 6-18 depicts variations of concentrated solution flow rate, dilute solution flow rate and 

refrigerant vapour flow. The system was operated with a constant concentrated solution flow 

of 0.024 kg/s. The refrigerant vapour flow increased from 0 kg/s to 0.0068 kg/s from 0 s to 450 

s.   With time evolution of the system, heat transfer increased in the desorber, which evaporated 

a higher amount of refrigerant and reduced the dilute solution flow as shown in Figure 6-19. 

The dilute solution flow decreased from 0.024 kg/s to 0.165 kg/s from 0 s to 450 s. The dilute 

solution flow is equal to the concentrated solution flow rate during an initial period (up to 10-

15 s) as there was no refrigerant vapour generation in the desorber. The refrigerant flow across 

the valve depends on the evolution of the system's high and low side pressure. The refrigerant 

flow rate across the valve increased from 0 kg/s to 0.0067 kg/s from 0 s to 480 s. The low side 

pressure achieved a steady-state value at 480 s. therefore refrigerant flow rate across the valve 

also followed the same trend. The refrigerant flow across the valve increased up to 200 s (from 

0 kg/s to 0.0059 kg/s) due to change of high side pressure during this time window. These mass 

flows value is very close to its steady state value mentioned in Table 5-7.  

 

The refrigerant concentration in the refrigerant tank increased from 0.61 to 0.997 from 0 s to 

475 s due as shown in Figure 6-17. The refrigerant vapour generated in the desorber 

accumulated in the refrigerant tank, which eventually increased the ammonia concentration of 

in the refrigerant tanks. The increased ammonia concentration of refrigerant vapour was 
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compensated by a reduced ammonia concentration of a dilute solution. Dilute solution reduces 

from 0.61 to 0.09 from 0 s to 475 s, as shown in Figure 6-17.  

 

 

Figure 6-18 : Variation of mass flow rate during pre-cooling period. 

 

 

Figure 6-19 : Temperature variation in desorber during pre-cooling phase.  
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Figure 6-20 : Temperature variation in SHX during pre-cooling phase. 
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Hence; the NH3-H2O solution gained approximately 60 K in the desorber. The dilute solution 

leaving the desorber acted as the heat source for SHX. Therefore, desorber temperature 

transient greatly affects SHX temperature transients.  

 

The temperature transient of the concentrated solution and dilute solution in the SHX are shown 

in Figure 6-20.  
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Figure 6-21 : Temperature variation in evaporator during pre-cooling phase. 
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K (T34)  at 480 s. Due to the high thermal capacitance of the refrigerated cabinet, the thermal 

transient of air (coupling fluid, CF) lasted longer, which also affects the refrigerant outlet 

temperature transients, which achieved a steady state of 252.8 K (T35)  at 3600 s. A remarkable 

temperature transient was observed with refrigerant evaporator outlet temperature between 

3200 s and 3500 s. It can be explained by depicting refrigerant vapour quality at the evaporator 

outlet, as shown in Figure 6-16. It was observed that the refrigerant vapour quality rapidly 

decreased from 0.98 to 0.88 from 3200 to 3500 s. The refrigerant quality before 3200 s was 

approximately 0.98, which meant that refrigerant was in almost vapour phase at the outlet of 

the evaporator. This was due to a significant temperature difference between air inlet 

temperature and refrigerant temperature, which evaporated refrigerant completely. However, 

as the temperature difference between refrigerant temperature and CF temperature reduced, 

heat transfer also reduces between both fluids. Hence, the refrigerant could not evaporate 

completely, and its vapour quality also reduces from 0.98 to 0.88.  

 

In this study, the thermal mass of the rectifier was neglected to avoid the complexity involved 

in the rectifier model. This was the sole reason that the thermal transient of hot NH3 refrigerant 

vapour at the condenser inlet progresses to a steady state temperature of 336 K (T30)  rapidly 

within 40 s, as shown in Figure 6-15. The cold coupling fluid entered the condenser at a steady 

state temperature of 315.5 K (T40)  and leaves at 319 (T37)  at 285 s. The liquid refrigerant left 

the condenser at a steady state temperature of 318 K (T31) at 200 s. 

 

The temperature variation inside the RHX during the pre-cooling phase is shown in Figure 

6-22. Refrigerant temperature transient after 3200 s in the evaporator also affected the 

temperature variation in RHX during the pre-cooling phase, which is visible in Figure 6-22. 

The liquid refrigerant enters RHX from condenser at steady state temperature of   318 K (T32). 
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Liquid refrigerant outlet temperature encountered long thermal transient due to the thermal 

response of the evaporator, as explained above.  

 

 

Figure 6-22 : Temperature variation in RHX during pre-cooling phase. 
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Figure 6-23 : Temperature variation in absorber during pre-cooling phase. 

 

 

Figure 6-24 : Heat load variation of the VARS components during pre-cooling phase. 
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rises, as shown in FigureFigure 6-24 and Figure 6-25.  Heat was added with hot oil in the 

desorber; therefore, it showed the highest heat load (16.7 kW), followed by the absorber (15 

kW), condenser (7.9 kW) and evaporator (7.7 kW). The condenser heat load transient was 

found to be fastest compared to other components, mainly due to the condenser rapid 

temperature transient, as shown in Figure 6-15. The temperature variation in the evaporator 

after 3200 s, as depicted in FigureFigure 6-21 also affected the heat transfer in an evaporator; 

between 3200 s and 3500, the evaporator heat load reduces marginally from 7.8 kW to 7.68 

kW. Due to its insignificant change, it is challenging to notice in Figure 6-24. RHX and SHX 

heat load profile is shown in FigureFigure 6-25. Steady-state SHX and RHX heat loads were 

6.9 kW and 1 kW, respectively. The effect of temperature variation after 3200s in RHX, as 

depicted in FigureFigure 6-22 also influenced heat transfer which can be seen in Figure 6-25.  

 

 

Figure 6-25 : Heat load variation of SHX and RHX during cool-down phase. 
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6.3 CPOX Operation Transient  
 

It was assumed that the CPOX reformer was heated-up to its light off temperate in the SOFC 

heat-up phase. Hence, initial temperature of CPOX reformer was assumed 660 K.   Figure 6-26 

depicts the effect of varying  λO2C on the normalised yield of CPOX reformate at 873 K and 

973 K under equilibrium conditions assumption. The trend and values of the graph closely 

matched studies conducted by Zhu et al [145] and Pukrushpan et al. [144]. Hence, the 

simplified CPOX model assumptions were reliable and. It was observed that with H2O yield 

increased exponentially with λO2C.  A value of λO2C greater than one generated a significant 

amount of steam; therefore, CPOX operation at high λO2C would be useful to switch the 

operation from CPOX to SOFC start-up quickly, however a high value of λO2C leads towards 

high CPOX temperature as it does TOX reaction [147].  

 

 

873 K 973 K 

Figure 6-26 : Effect of 𝜆𝑂2𝐶 on CPOX reformate. 
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temperature should be close to SOFC temperature at the end of heat-up phase 853 K) to avoid 

a sudden temperature gradient while switching the operating phase from heat-up to CPOX 

activation. Therefore, the CPOX reformer should operate between 853 K and 893 K.   It was 

essential to maintain an SC ratio above two to avoid possible carbon deposition on the anode 

surface during CPOX operation. Stack is not activated in this phase, however stack contains 

nickel-based anode and carbon deposition might take place on nickel-based anode at such high 

temperature of stack (close to 853 K) if SC ratio is kept to low (<2). In this analysis, RR was 

ramped up gradually from 0 to 0.6 within 10 seconds and λO2C is ramped down gradually from 

1 to 0.78 within 20 seconds of the CPOX activation phase, as shown in Figure 6-27 (a). These 

values were chosen with a trial-and-error method to not to violate above mentioned temperature 

criteria. In addition, it is also common practice to operate CPOX reformer with λO2C value 

between 0.5 and 1 to avoid TOX reaction as shown in Table 3-15. The CPOX reformate was a 

hydrogen-rich gas mixture with other combustible gases, such as CH4 and CO, which enters 

the burner via stack. The burner temperature may be increased rapidly if it was operated with 

low amount of air flow. The high airflow rate needed to be supplied during the CPOX operation 

phase to control burner temperature. Therefore, the burner requires as high as 80 g/s of 

maximum airflow during CPOX operation phase.  

  

It can be seen from Figure 6-27 (b) that it was possible to obtain enough amount steam from 

the CPOX reformer to achieve an SC ratio of 2 at the beginning of CPOX activation. However, 

it is not recommended to switch to the start-up phase immediately after an SC ratio of 2 has 

been achieved. During the SOFC start-up phase, a low current is drawn, which may produce 

less steam. It might be possible that the recirculated SOFC off-gas mixture does not contain 

enough steam to keep the SC ratio above two during the initial phase of the start-up. Hence, 

achieving a high SC ratio with CPOX operation ensures that the recirculated SOFC off-gas 
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mixture contains enough steam to maintain the SC ratio above two during the initial phase of 

the start-up. In this study, CPOX was operated until an SC ratio of 4 is achieved. It was 

observed that the steady state SC ratio of 4 can be achieved within 100-200 s once the CPOX 

reformer was activated. It should be noted that even though the minimum SOFC activation 

temperature is 853 K, the SOFC stack was heated up to 856 K to be in the safe window, as it 

was expected that the stack temperature may get reduced during the CPOX phase due to 

endothermic SMR taking place in the SOFC. This took approximately 4100 s (Figure 6-11). 

Therefore, the CPOX activation phase started at 4100. Thus, the time scale in figures 

representing CPOX transient phase was started at 4100 s.  

 

During the initial phase of CPOX activation, the CPOX bed temperature increased rapidly, as 

shown in Figure 6-27 (c), due to higher value of λO2C during CPOX activation phase. CPOX 

reformer achieved the steady state temperature of 885 K after 200s of its activation phase. The 

steady-state temperature of CPOX did not violate the maximum inlet temperature (893 K) that 

SOFC can sustain, and it was close to the stack activation temperature of 853 K.  

 

The CPOX activation phase only lasted for a short duration of 150-200 s, therefore, the SOFC 

stack temperature did not show a remarkable deviation. SOFC stack temperature was reduced 

from 856 K to 853.4 K, as shown in Figure 6-27 (d). It was entirely due to the endothermic 

SMR reaction inside the stack. It should be noted that even though SOFC was not activated 

electrically during the CPOX activation phase, SMR and WGS reaction still takes place on the 

catalytic anode surface. However, the stack temperature was close to its minimum activation 

temperature (853 K) at the end of the CPOX activation phase.  

 



➢ Transient Analysis of the Combined System 

238 

 

Air HX1 received the SOFC exhaust at temperature of 430 K (T16). The low-temperature SOFC 

exhaust could not heat a significant airflow (80 g/s) to high temperature in air HX1 as shown 

in Figure 6-27 (h). However, air HX2 received SOFC exhaust at significantly high temperatures 

(above 1000 K (T13)). Hence, air pre-heating mainly occurred inside the air HX2 as shown in 

Figure 6-27 (g). The airflow rate achieved approximately 850 K (T4) temperature at the end of 

the CPOX activation phase. The pre-heating temperature of the air and CH4 mixture affect the 

CPOX temperature and CH4 conversion inside the CPOX reformer. Air and CH4 mixture are 

usually heated up to 400°C (673 K) before it entered the CPOX reactor [75,184]. The hot SOFC 

exhaust entered the fuel heat exchanger, and it heated-up the syngas mixture (mixture of fresh 

fuel and recirculated SOFC off-gas) to a maximum temperature of 700 K (T8) as shown in 

Figure 6-27 (f), it mixed with fresh air and temperature reduced to 660 K (T18). In this study, 

the thermal capacitance of the heat exchanger was added to the hot fluid side; hence hot fluid 

outlet temperature encounters slower thermal dynamics compared to the cold fluid.  

 

Once enough steam was available from the CPOX operation, the SOFC could be activated and 

CPOX could be deactivated.  As far as VARS operation was concerned during CPOX 

activation phase, VARS was still operated at its peak load during CPOX activation phase. It 

was found that during the CPOX phase, SOFC exhaust did not produce enough heat to VARS 

to operate at its peak load. Therefore, an additional amount of CH4 was supplied to the burner 

to deliver sufficient heat to VARS. The variation of additional fuel flow to the burner in the 

CPOX phase is discussed together with transient SOFC start-up phase in the following sub-

section of the chapter (Figure 6-28).   
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(a) RR and λO2C development 

 
 (b) SC ratio development 

 
 (c) CPOX bed temperature development 

 
(d) Stack temperature development 
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(e) Burner temeprature development  

 
(f) Fuel heat exchanger response 

 
(g) Air heat exchanger-2 response (h) Air heat exchnager-1 response 

Figure 6-27 : Transient response of SOFC system during CPOX activation phase.  
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6.4 SOFC Start-up Phase 
 

 In this study, the fuel flow was ramped-up gradually to keep the current ramping-up rate of 

600 A/hr at a constant fuel utilisation of 0.75.  

 

If the system fuelled with a high fuel flow during start-up, a significant amount of unreacted 

fuel could enter burner, which might increase burner temperature rapidly. The fuel flow and 

air flow varied throughout the SOFC system operation, as shown in Figure 6-28 and Figure 

6-29, respectively.  The fuel flow to stack was gradually ramped-up from 0.0001 g/s to 0.84 

g/s from 4225 s to 5275 s. The airflow rate to stack was gradually ramped up from 0.29 g/s to 

its nominal value of 60 g/s from 4226 s to 5300 s during the start-up phase, as shown in Figure 

6-29. If a high airflow rate was supplied to SOFC during the initial phase of the SOFC start-

up, it may cool down the stack. The SOFC exhaust was not able to supply sufficient heat to 

VARS to operate during the start-up phase. Therefore, an additional amount of CH4 was 

supplied to the burner to feed enough heat to the VARS to operate. The amount of additional 

CH4 fuel flow to the burner is shown in Figure 6-28 .  It was observed that the fuel flow to the 

burner reduced from 0.01 g/s to 0.008 g/s during the CPOX phase. However, the fuel flow 

needed to increase from 0.03 g/s at 4225 s and it gradually decreases to 0 g/s at 5500 s again 

during the current ramp-up period. Fuel flow to the burner reduced with increased fuel flow to 

the stack. This behaviour was also expected as the burner received a higher SOFC off-gas flow 

from the stack with the current being ramped up. The SOFC stack was fed with excess air in 

CPOX and the start-up phase. Therefore, no additional air was needed to supply to the burner 

during both these phases, which is shown in  Figure 6-29.   
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Figure 6-28 : Variation of fuel flow rate during system operation. 

 

 

Figure 6-29 : Variation of air flow during system operation. 
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Figure 6-30 : Variation of split of burner exhaust to Oil HX. 
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The CPOX activation phase finished at 4225. Thus, the time scale in figures representing SOFC 

start-up phase was started at 4225 s. The evaluation of current and current density during the 

start-up phase is shown in Figure 6-31. The steady state current and current density of 200 A 

and 0.55 A/cm2 was achieved within 1200 s of the start-up phase (overall 5425 s). The variation 

of stack voltage is shown in Figure 6-32. The voltage variation depends upon the current and 

temperature of the SOFC stack. It is obvious that the voltage decreases with an increased 

current which is clearly seen in Figure 6-32. At the beginning of the start-up phase, when no 

current was drawn, t=4225 s, the stack voltage was equal to the stack OCV of 185 V. The stack 

voltage decreased from 185 V to 79 V from 4225 s to 5200 s due to increased current value. 

However, after 5200 s, stack voltage increased up to its steady state value of 126 V due to 

reduced stack ASR with higher stack temperature. Figure 6-33 depicts the stack temperature 

evolution during the start-up phase. At the beginning of the phase, the stack temperature 

encountered slight variation. This was due to low current being drawn from the stack, which 

generated less heat in the SOFC; the stack also received less air flow rate at the beginning of 

the start-up phase. However, increased current stack produced high exothermic heat, which 

resulted in an elevated stack temperature. Due to high thermal capacitance of the stack, the 

SOFC stack thermal transient lasted longer. It was found that the stack achieved a steady state 

temperature of 993 K at 9500 s (after 5275 s of start-up phase). However, a significant 

temperature change was observed until 8500 s (within 4275 s of the start-up phase). After 8500 

s, stack temperature increased from 990 K to 993 K at 9500 s. It was interesting to note that 

even though stack temperature increased from 4225 s to 5200 s, stack voltage still decreases 

due to increased current value during this time window.  
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Figure 6-31 : Variation of current and current density during start-up phase. 

 

 

Figure 6-32 : Evolution of stack voltage during the SOFC start-up phase. 
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Figure 6-33 : Evolution of stack temperature during start-up phase. 

 

 

Figure 6-34: Temperature profile of SOFC stack during the different operational phases. 
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The temperature evolution of the SOFC stack in different operational phase is shown in Figure 

6-34.  A temperature window during different operational phases is as follows: 

 

1. Heat-up: 303 K to 856 K  

2. CPOX phase: 856 K to 853.4 K 

3. Start-up phase: 853.4 K to 993 K 

4. Steady state: 993 K  

 

 

Figure 6-35 : Temperature ramp profile of the SOFC stack during different operational 
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selected so that the maximum SOFC stack temperature ramp would not cross the threshold 

value of ±0.25 K/s (15 K/min). Figure 6-35 shows the temperature ramp of the SOFC stack 

during the different operational phases. The maximum temperature ramp at the beginning of 

the heat-up phase was 0.25 K/s which eventually reduced throughout the heat-up phase. Stack 

temperature reduced from 856 K to 853.4 K during the CPOX phase, resulting in a negative 

temperature ramp, as shown in Figure 6-35. The maximum temperature ramp value during the 

start-up phase was 0.142 K/s at 5000 s. However, the temperature ramp of the stack was well 

below its maximum threshold value of 0.25 K/s during the start-up phase. Hence, it was proved 

that the current operating envelope protected the SOFC stack. 

 

Electric power produced by stack is a product of current and voltage (eqn.3.46). Therefore, it 

is evident that the stack power transient depends upon the current and voltage transient. At the 

beginning of the start-up phase, the stack power was zero as no current was being drawn from 

the stack. Even though stack current achieved a steady state value by 5425 s, power transient 

varied with voltage transient. The stack power reached its steady state value of approximately 

25 kW, as shown in Figure 6-36.  The net power available from SOFC system also increased 

with stack power. At lower power, system needs less amount of  air and fuel flow, hence overall 

pressure loss in the system is significantly less compared to pressure loss at nominal operation 

(eqn.3.62) which also reduced parasitic losses (air blower and recirculation blower power 

consumption) of the SOFC system. Therefore, at lower power difference between stack power 

and system power was not significant as shown in Figure 6-36. The SOFC system achieved net 

available power of approximately 22.6 kW as shown in Figure 6-36.  
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Figure 6-36 : Evaluation of stack and system power during start-up phase. 

 

 

Figure 6-37 : Evolution of excess air ratio during the start-up phase. 
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depends upon the allowed temperature gain across the stack and current being drawn from  

SOFC stack. At the beginning of the start-up phase, low current was being drawn which 

releases less exothermic heat in the stack (lower cooling demand of the stack), which also 

resulted into high excess air ratio. Higher oxygen amount was utilised inside the stack with the 

high current drawn from the stack, which also reduced the excess air ratio, as shown in Figure 

6-37.  Excess air ratio achieved the steady-state value of 4.8 at 5425 s. 

 

 

Figure 6-38 : Temperature profile of burner during the different operational phases. 
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between 4225 s and 4510 s. However, with an increased fuel flow throughout the start phase, 

burner temperature increased and achieved a steady state temperature of 1117 K. 

 

 

Figure 6-39 : Thermal response of fuel HX during start-up phase. 

 

 

Figure 6-40 : Thermal response of Air HX2 during start-up phase. 
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Figure 6-41 : Thermal response of Air HX1 during start-up phase. 

 

Thermal transients of the fuel HX and the two air heat changers are shown in Figure 6-39, 

Figure 6-40 and Figure 6-41 , respectively. The fuel HX received hot exhaust from the burner. 

During the CPOX phase, the fuel HX was heated by a hot burner exhaust (1069 K). The fuel 

flow rate at the beginning of the start-up phase was as low as 0.0001 g/s; hence fuel temperature 

increased rapidly to 790 K. Fuel inlet temperature gradually increased from 790 K to 892 K 

from 4226 s to 8000 s, as shown in  Figure 6-39. The steady state temperature of burner exhaust 

was 1108 K at the outlet of fuel HX. 

 

The thermal responses Air HX2 and Air HX1 are shown in Figure 6-40 and Figure 6-41, 

respectively. Air HX2 received air from heat exchanger 1 and hot exhaust from the fuel heat 

exchanger. Therefore, the thermal response of the air HX2 depended upon fuel HX and air 

HX1 thermal response. The air HX2 received air at a higher temperature from 4226 s to 4600 

s. Therefore, air temperature in air HX2 increased rapidly during the start-up phase. Air 

achieved its steady state value of 893 K after 8000 s in air HX2. Air temperature increased 

4500 6000 7500 9000 10500

300

400

500

600

700

800

Exhaust,outExhaust,out

Air,outAir,out

Air,inAir,in

T
em

p
er

at
u
re

 (
K

)

Time (s)

Exhaust,inExhaust,in



➢ Transient Analysis of the Combined System 

253 

 

from 303 K to 531 K in air heat exchanger 1 during the initial 4226 s to 4600 s. The airflow 

rate was increased from 0.29 g/s to 17 g/s from 4226 s to 4600 s, which was significantly less 

than its steady state value of 60 g/s. Due to less airflow during this temperature window, hot 

SOFC exhaust rapidly heated-up the cold air in the air HX 1. However, as the start-up phase 

progressed, heat exchanger 1 encountered a high airflow rate, reducing air outlet temperature 

and achieving its steady state value of 463 K at 8000 s. 

 

The thermal response of the oil heat exchanger during start-up is shown in Figure 6-42. As 

explained above, additional fuel flow to the burner and mass split of burner exhaust to oil heat 

exchanger increased between 4225 s and 5500 s of start-up phase duration. It also increased 

exhaust inlet temperature in the oil heat exchanger. This strategy worked as expected, as the 

oil outlet temperature remained at approximately 493 K throughout the start-up phase. It 

ensured the smooth and uninterrupted operation of the VARS. 

 

 

Figure 6-42 : Thermal response of Oil HX during start-up phase. 
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VARS was operated at its peak load during SOFC heat-up and CPOX phase. However, once 

the SOFC start-up phase was initiated, VARS was operated at its nominal load of 6 kW. It was 

smoothly achieved by ramping down the oil flow and solution flow while maintaining the oil 

inlet temperature to desorber at 493 K. Flow rate, and refrigeration system heat development 

is depicted in Figure 6-43 and Figure 6-44, respectively. Oil flow and concentrated solution 

flow rates gradually ramped down from 0.25 kg/s to 0.2 kg/s and 0.024 kg/s to 0.0185 kg/s 

from 4225 s to 4300 s, respectively. Dilute and refrigerant solution flow followed strong 

solution flow and reduced from 0.0165 kg/s to 0.0122 kg/s and 0.0068 kg/s to 0.0053 kg/s, 

respectively. The heat load of all the main components decreased due to the reduced flow rate 

in the system, as shown in Figure 6-44.  Due to smooth transition, VARS did not depict 

interesting temperature transient during this transition. Therefore, the individual component 

temperature transient response is not mentioned here to maintain the chapter's brevity. 

 

 

Figure 6-43 : Refrigeration system and oil mass flow variation during the start-up phase. 
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Figure 6-44 : Heat load variations of VARS components during start-up phase. 

 

6.5 System Transient Response during Door Opening 
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increased to 7.7 kW after 12180 s. This may not represent the actual situation, and in fact, the 

refrigeration demand load was expected to increase gradually once the door is open. However, 

detailed analysis was required carry out with fluid dynamics principles,  which was included 

in the scope of the current study.  

 

It should be noted that if SOFC needed to operate at constant power, the burner would need to 

deal with an increased refrigeration load during door opening. This would be achieved by 

burning additional fuel to the burner and increasing the mass split of the burner exhaust to the 

oil heat exchanger. However, the primary motive was to determine whether the SOFC system 

could mitigate the effect of the door opening without violating any limitations or not.  

Therefore, the burner was not supplied with additional fuel in this phase.   

 

6.5.1 VARS transient  
 

Figure 6-45 depicts the temperature variation of the refrigerated cabinet during door opening. 

It is evident that due to the significant amount of infiltration load during door opening, the 

temperature of the refrigerated cabinet was elevated from 255 K to 259.8 K from 12000 s to 

12250 s. Increased refrigeration load by VARS from 6 kW to 7.7 kW also reduced refrigerated 

cabinet temperature back to the required temperature of 255 K at 13100 s. Hence, it took a total  

1000 s to reduce the refrigerated cabinet temperature back to its nominal temperature after door 

opening. 

 

The mass flow variation in the VARS is shown  Figure 6-46. Concentrated solution flow 

stepped-up from 0.0185 kg/s to 0.0246 kg/s to operate VARS at its peak load of 7.7 kW. Due 

to the immediate jump in the concentrated solution flow, dilute solution and refrigerant flow 

rates also showed a sudden jump from 0.012 kg/s to 0.019 kg/s and 0.0053 kg/s to 0.0093 kg/s. 
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The dilute solution flow and refrigerant flow reduced after a sudden change to their steady-

state values of 0.017 kg/s and 0.0067 kg/s, respectively.  

 

 

Figure 6-45 : Refrigerated cabinet temperature variation during door opening phase. 

 

 

Figure 6-46 : Mass flow rate variation during door opening phase. 
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Due to the sudden increase of concentrated, and refrigerant flow variation, higher and lower 

pressure levels in the system are expected to vary. Higher and lower pressure variation of the 

VARS is shown in Figure 6-47. Higher side pressure increased from 1770 kPa to 1810 kPa as 

shown in Figure 6-47. An increase in high side pressure can be explained by a more significant 

amount of refrigerant vapour generation during due to increased mass flow of concentrated 

solution. As mentioned above, the refrigerant flow rate started declining after the sudden 

increase, which means that the refrigerant tank received less refrigerant flow that eventually 

decreased high side pressure from 1810 kPa to 1798 kPa, as shown in Figure 6-47. Low side 

pressure rapidly decreased to 160 kPa from 185 kPa due to the sudden increase in concentrated 

solution flow which reduces ammonia concentration in the solution tank as shown in Figure 

6-48. However, gradually ammonia concentration increases which also increased low side 

pressure from 160 kPa to 179.8 kPa from 12185 s to 13000 s.  Interestingly, the refrigerant 

flow rate through the valve did not encounter significant change, as shown in Figure 6-46, this 

was due to a low degree of pressure change in the system.    

 

 

Figure 6-47 : Pressure variation in the VARS system during door opening phase. 
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Figure 6-48 : Concentration variation during door opening phase. 
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However, with increase in low side pressure, refrigerant inlet temperature started increasing 

and achieved the steady state temperature of 251.6 K.  

 

 

Figure 6-49 : Evaporator thermal response after door opening.  

 

 

Figure 6-50 : Heat load variation of VARS components during door opening phase.  
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Figure 6-50 shows heat variation of the main components of the VARS during the door opening 

phase. At 12180 s, a sudden spike can be observed due to the sudden change in the mass flow 

in the system, as shown in Figure 6-46. The evaporator heat load spike was less intense than 

other components heat load. This was due to less variation of refrigerant flow rate through the 

expansion valve, as depicted in Figure 6-46.  It was also observed that the evaporator heat load 

increased from 6 kW to 6.4 kW within 15 s of door opening (12015 s total) However, it did not 

significantly affect the remaining components heat load due to their thermal capacitance; 

hence, it was not noticeable in Figure 6-50. Once the concentrated solution flow was increased 

(at 12180 s), components achieved their new steady state heat load in approximately 120 s 

(12300 s in total). 

 

6.5.2 SOFC system transient  
 

The SOFC current was stepped-up immediately from 200 A to 225 A at 12180 s as shown in 

Figure 6-51 to deliver high amount heat to the VARS to mitigate the effect of door opening.  

It is obvious that, stack voltage decreased with increased current. It was observed that the stack 

voltage reduced from 126 V to approximately 121 V rapidly as shown in Figure 6-52. The Stack 

voltage further reduced gradually to 120 V due to the thermal response of the stack. This 

voltage behaviour is in match studies found in the literature [67,185] The thermal response of 

the stack is shown in  Figure 6-53. The stack temperature increased rapidly from 992.7 to 993.5 

K due to sudden current step-up. However, airflow was also stepped-up from 60 g/s to 73 g/s, 

as shown in Figure 6-55. Due to the increased airflow, the stack temperature reduces gradually 

and achieves its new steady state value of 991 K. SOFC thermal response takes a long time due 

to its higher thermal mass. It took approximately 4000 s to achieve SOFC new steady state 

temperature of 991 K. However, the temperature only varied from 992.7 K to 991.  
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Figure 6-51 : SOFC current and current density evolution in the door opening phase.  

 

 

Figure 6-52 : SOFC voltage and power evolution in the door opening phase. 
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Figure 6-53 : SOFC temperature and burner temperature evolution in the door opening phase. 

 

 

Figure 6-54 : Temperature ramp evolution in the door opening phase. 
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was stepped up; however, it reduced gradually and followed the same trend as the stack 

temperature. The stack temperature ramp did not cross the hard limitation of 0.25 K/s. 

Therefore, SOFC could counter the door-opening effect without any support from additional 

devices (burner) to increase the refrigeration load at its peak value.  

 

The airflow was stepped-up to control the maximum stack temperature. The fuel flow needed 

to increase rapidly from 0.85 g/s to 0.95 g/s at 12180 s as shown in Figure 6-55  to keep the fuel 

utilisation constant to increase the current value. The SOFC system encountered a higher 

amount of airflow once current was stepped-up; hence system operated at a high excess air 

ratio, as shown in  Figure 6-56. Excess air ratio value increased from 4.8 to 5.3. SOFC system 

operation at higher excess air ratio also reduced the burner temperature due to greater amount 

of air entering the burner, which reduced burner temperature, which is shown in Figure 6-53.  

 

 

Figure 6-55 : Air and fuel mass flow evolution in the door opening phase. 
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Figure 6-56 : Excess air ratio and oil mass flow evolution in the door opening phase. 
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Figure 6-57 : SOFC inlet temperature evolution in the door opening phase. 

 

 

Figure 6-58 : Oil HX thermal response in the door opening phase. 
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6.6 SOFC non-operative Hours  
 

Temperature transient during cooldown depends upon two quantities, namely (i) the thermal 

capacitance of the stack and (ii) the thermal conductance of the insulation material (cinsl) . A 

parametric analysis was carried out to establish the effect of the temperature transient during 

non-operative hours, as shown in Figure 6-59. This was determined by using eqn.6.3.  

 

 (mcp)s

dTstack

dt
= Q̇loss 

6.3 

 

Ambient temperature was assumed 298 K. It was also assumed that during non-operative hours, 

no fluid stream flow occurred across the SOFC. It was assumed that the stack operated at its 

nominal design point with a steady state temperature of 993 K before the non-operative period. 

Therefore, the initial temperature at the start of the non-operative hours was assumed to be 993 

K. 

 

Figure 6-59 : SOFC temperature transient during cooldown. 
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Figure 6-59 depicts the sensitivity of temperature transient to the thermal conductance (cinsl) 

of the insulation material. The lower the value of  cinsl , the lower the heat losses, which enabled 

the SOFC stack to remain at a higher temperature during the non-operative hours. The main 

interest was to determine the number of hours where SOFC temperature remained above its 

minimum activation temperature of 853 K. SOFC stack could maintained temperature above 

853 K for 9.5 hours, 3.5 hours, 2 hours, 1.5 hours with a value of cinsl as 0.2, 0.6, 1.2 and 1.8 

W/m2 K, respectively.   As far as truck transportation is concerned, EU regulations demand 

truck drivers to take a 45 min break after 4.5 hours of driving [186]. However, the truck can 

operate continuously with an additional driver. Even if the truck journey takes place only with 

a single driver, it can be seen from Figure 6-59 that it is possible to maintain SOFC temperature 

above its minimum activation temperature during 45 min break. Therefore, frequent heat-up of 

SOFC can be easily avoided during short breaks in a single journey. The SOFC stack with cinsl 

value of 0.2 W/m2 k values can maintain its temperature above minimum activation 

temperature for 9.5 hours. Therefore, frequent heat-up of the SOFC can be avoided during even 

for longer non-operative hours of the trucks.  

 

6.7 System Transient Response to Load Following Operation 
 

The next step in the simulation was to determine the system transient response to follow the 

refrigeration load profile over a driving cycle. The SOFC needs to match the maximum as well 

as minimum refrigeration demand. As far as range extender application is concerned, SOFC is 

not expected to encounter any load following conditions. Therefore, no particular load duty 

profile was considered for the SOFC system in this study. The hottest day and coldest of 

2021/2022 calendar year in London were 18 July 2022 and 22 December 2021[187]. These 
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both days year was chosen to determine the refrigeration demand variation throughout the day. 

Ambient temperature variation during both these days is shown Figure 6-60. 

 

 

Figure 6-60 : Ambient temperature variation for summer and winter day [187].  

 

 

Figure 6-61 : Refrigeration load demand during a journey for summer and winter day. 
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Figure 6-61 depicts the refrigeration load demand for both days; ambient temperature variation 

was less for the coldest day. Hence, it is understandable that the refrigeration demand for the 

coldest day was varied less than for the hottest day. The refrigeration demand varied between 

4250 W and 6000 W for the hottest day, while it varied only between 2400 W and 2750 W for 

the coldest day.   

 

As far as the control aspect to match the refrigeration load demand is concerned, there could 

be two possibilities to operate the SOFC system: 

 

1. SOFC operation at different operating conditions to meet the refrigeration load demand. 

2. Operate SOFC according to electric power demand on-board (constant power generation) 

and use burner to provide any additional heat to the VARS when SOFC cannot match the 

refrigeration demand load.  

 

The primary objective of this analysis was to evaluate the feasibility of the SOFC system to 

match the refrigeration demand load under different weather conditions. Therefore, option 2 

was not considered for the transient analysis.  

 

There were several assumptions made as follows to determine SOFC transient characteristics 

to match refrigeration load following conditions.  

• Refrigerated cabinet was already pre-cooled to 255 K before journey starts. 

• SOFC stack was heated-up to initial temperature of 893 K.  

• The fuel utilisation was kept constant as 0.75 for SOFC system operation.   

• Electric power generated from the SOFC under load following conditions was stored 

in battery on-board of the truck.  
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• The refrigeration demand load met by VARS with smooth transition of concentrated 

solution mass flow and oil flow.  

 

It was proved in with Figure 6-43 and Figure 6-44 that the VARS did not encounter significant 

transient in the performance under smooth transition of load changing. Therefore, the VARS 

transient characteristic are not included in this section to keep the section short. 

 

The time scale of the whole day is represented in seconds, 0 seconds represents 12 am (mid-

night), and it progresses as the day evolves. Variations of current and current density for the 

hottest day and coldest day are shown Figure 6-62. The current density was higher during 

summer compared to winter journey due to higher refrigeration load demand. In addition, the 

current varied from approximately 160 A to 200 A on 18 July. However current variation was 

significantly reduced on 22 December; it only varied between 106 A to 114 A.   

 

 

Figure 6-62 : Variation of current during a journey for summer and winter day.  
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Along with current density, SOFC also needed to be fed with different air flow to keep stack 

temperature variation value within the threshold value (993 K). Fuel and air variation flow rates 

for both days are shown in Figure 6-63.  

 

 

Figure 6-63 : Variation of air and fuel flow during a journey for summer and winter day. 
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significant during the load following conditions as shown in Figure 6-64. It was observed that 

summer day journey encountered higher temperature ramp variation compared to that of the 

winter journey. However, it was still under allowable temperature ramp variation of 0.25 K/s. 

Therefore, it was concluded that the SOFC system can deal with the refrigeration load 

following conditions without the need of any power source (such as burner).  

 

 

Figure 6-64 : Variation of stack temperature and temperature ramp during a journey for 

summer and winter day.  
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winter journey experienced higher burner temperatures than the summer journey, which was 

expected due to the SOFC winter journey running at low excess air ratio.  

 

 

Figure 6-65 : Variation of burner temperature and excess air ratio during a journey for 

summer and winter day. 
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Figure 6-66 : Variation of SOFC voltage and system power during a journey for summer and 

winter day. 

 

 

Figure 6-67 : Variation of combined system efficiency during a journey for summer and 

winter day. 
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The combined system efficiency improved at low current density (Figure 5-26), therefore 

winter journey with SOFC system delivered high efficiency. The combined system efficiency 

showed minor variation along the winter day journey; however, it varied significantly between 

67% and 71% during the journey over a summer day. 

 

It is essential to store the electric power generated by the SOFC system on-board. The battery 

size should be decided such a way that, it would be able to store the electrical power from 

SOFC throughout the load following conditions under different weather conditions. One of the 

silent features of this transient analysis is that it also helps to determine the battery size to store 

electrical power for load following conditions. After assessing the transient performance of the 

SOFC system subjected to two different weather conditions, it was determined that the SOFC 

system should be equipped with at least 20 kWh of battery. As mentioned in  Table 6-2, the 

minimum battery size needed for SOFC heat-up with strategy A is 15.1 kWh. Therefore, 20 

kWh on-board battery would also fulfil the electrical power during heat-up. The SOFC system 

with 20 kWh battery can deal with refrigeration load demand up to 6 kW. Hence, it translates 

into battery size of approximately 3.3 kWh/kW of maximum refrigeration load. 

 

6.8 Conclusion 
 

A detailed transient analysis of the SOFV-VARS combined system was carried out in this 

chapter. The transient characteristics of the SOFC integrate VARS system were assessed in 

different operational phases. In addition, SOFC system response to match on-board 

refrigeration demand load for different weather conditions was also evaluated in detail. 

  

It was found that the schematic of the system needed to be updated for the transient analysis 

compared to a schematic considered for the steady state analysis to make system operation 
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feasible in the different operational phase. The SOFC system should be equipped with CPOX 

reformer to generate steam which would be needed for the SOFC stack operation.  

It was possible to carry out the SOFC heat-up and refrigerated cabinet pre-cooling 

simultaneously. To achieve this, SOFC should be heated-up electrically and VARS should be 

powered by the burner in the initial operational phase.  It was also concluded that the time 

required to heat up the SOFC heat-up and pre-cool the refrigerated cabinet was approximately 

similar  (∼ 4100 s). Hence, longer SOFC heat-up time is no additional burden for the 

refrigerated transportation application as truck journey cannot begin without the pre-cooling of 

the refrigerated cabinet.     

 

It was also determined that the SOFC did not generate sufficient heat to power VARS during 

CPOX reformer and start-up phase. During these phases, VARS was powered by the SOFC 

and burner. Therefore, burner operation was found essential to power VARS until SOFC 

achieved its steady state operation conditions.  

 

Based on the transient results obtained, the SOFC did not violate temperature ramp and 

maximum operation temperature limitations to satisfy load following conditions during door 

opening phase and under different weather conditions. Therefore, no additional heat source 

was needed to satisfy the load following conditions during a journey. It proved the feasibility 

of the SOFC system for the refrigerated transportation application. It was also determined that 

the SOFC system depicted higher combined system efficiency for a winter journey compared 

to a summer day. The SOFC system achieved peak combined efficiency of 74 % and 71 % and 

average combined efficiency of 71 % and 68 % for a winter day and summer day journey, 

respectively.   
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The SOFC system should be equipped with approximately 3.33 kWh per kW of maximum 

refrigeration load to store the electrical power on-board. It would also satisfy the electrical 

power needed to heat-up the SOFC.
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Chapter 7: Conclusions & Future Work  

 

 

 

This chapter outlines the main findings from the results obtained in the previous chapters. 

combination of results allows the evaluation of the feasibility of achieving the objectives of 

this thesis. Finally, the scope of future work is highlighted.  
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7.1 Summary 
 

A comprehensive literature review of the current status of the SOFC and VARS technologies 

for automotive transportation was presented. It was proven that even though there is an 

opportunity to develop SOFC powered VARS for automotive transportation, the feasibility of 

such a novel concept should be outlined with both experimental setup and simulation 

approaches. It was proven that sub-zero temperatures can be achieved with the laboratory setup 

available. A detailed methodology of developing a generic SOFC system model was outlined. 

Unfortunately, it was not possible to develop a generic transient model for the vapour 

absorption refrigeration system due to the complexity involved in its operation. Therefore, a 

detailed discretised 1D model was developed to predict the system performance. SOFCs can 

generate electrical power with direct internal reforming of methane, enhancing the fuel cell 

efficiency. In addition, the integration of the SOFC exhaust with a vapour absorption 

refrigeration system (VARS) increases the overall efficiency further. More specifically, the 

following contributions were delivered by the current study: 

 

• a simulated SOFC exhaust integration with a VARS was implemented at laboratory 

scale. 

• A comprehensive thermodynamic performance assessment of the combined system 

was completed to understand the integration of both systems. 

• A detailed procedure to select the preferred operating envelope of the SOFC system to 

power the VARS for different types of application was outlined.   

• Transient models were developed for both systems to characterise system response 

under different operating conditions (including load following). 
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The developed laboratory setup achieved sub-zero temperatures (down to -8°C) with a 

maximum COP of 0.26. The setup delivered unsatisfactory performance due to limitations in 

the way it could be built in the laboratory environment, nevertheless, the desired objective to 

achieve sub-zero temperatures was fulfilled.  Several suggestions were made to obtain 

improved performance in the future. It was concluded that with the implementation of these 

improvements, the setup would be able to achieve a COP up to 0.5 and temperature down to -

18°C.    Nevertheless, the concept proved to be feasible and could in principle be implemented 

in real world applications. In the next step, steady state and transient simulation models were 

established to assess the SOFC integrated VARS combined system.  

 

The important findings from the detailed simulation of the combined system to address the 

research questions stated in the introductory chapter are as follows:  

 

• It was observed that the combined system efficiency was to a high degree sensitive to 

SOFC system efficiency compared to the VARS COP. This was due to the low COP of 

the VARS. Hence, the focus should be on optimising the SOFC system performance to 

enhance the combined system performance.  

 

• The heat exchanger network of the SOFC system was found to be crucial to integrate 

the SOFC system with the VARS. The cathode air pre-heat exchanger needed to be 

modified to improve the system performance. It was determined that the air should be 

heated-up to SOFC operating temperature in two heat exchangers arranged in a series 

connection to deliver the maximum amount of heat to the VARS. The combined system 

performance with modified layout showed an improvement of 240% in refrigeration 
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power density and 15% in refrigeration efficiency compared to the SOFC system 

conventional layout.  

 

• The SOFC system was operated neither to maximise electric nor heating power. The 

SOFC system operating envelope was decided with a detailed analysis, considering 

several performance parameters namely: power density, efficiency and emissions. It 

was also determined that the SOFC operating envelope greatly depended upon the 

targeted application.  

 

• If the combined system were be developed as an APU application to match the 

refrigeration demand load for small and medium trucks, the system efficiency would 

be close to 50% due to system operation at elevated current density. In that case, a 

hybrid SOFC-VARS system could be employed on trucks where the VARS would be 

powered by the SOFC and burner. The SOFC stack could be operated at lower current 

density to improve the efficiency. An overall efficiency up to 60% could be achieved 

with such a hybrid SOFC-VARS concept for small and medium trucks.  As far as APU 

application to achieve refrigeration demand  for large trucks is concerned, the combined 

system satisfied the requirements with an efficiency as high as 62%.  

 

• The combined system delivered a maximum efficiency of 68% if the SOFC system 

were developed as a range extender or prime mover for trucks.  

 

• The SOFC-VARS emitted least amount of GHG emissions compared to cryogenic 

transportation systems and conventional diesel driven systems. It was concluded that 

the SOFC-VARS could reduce approximately 25% to 45% emissions from the 
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refrigerated transportation compared to other technologies. Hence, SOFC system with 

VARS could decarbonise refrigerated transportation significantly.  

 

• It was concluded that the long SOFC heat-up time was not the bottleneck for the 

implementation of the SOFC system for refrigerated transportation. It was due likewise 

the requirement of pre-cooling of the refrigerated cabinet. It was possible to heat-up the 

SOFC stack within the time required to accomplish the pre-cooling. The SOFC stack 

was heated by electrical power from a battery and the VARS was powered by the burner 

during the pre-cooling phase. The SOFC stack required approximately 600 Wh of 

electrical energy per kW power of stack.   

 

• During SOFC heat-up, start-up and CPOX activation phase, the SOFC could not satisfy 

the refrigeration load demand. Hence the burner supplied additional heat to the VARS 

to satisfy the refrigeration load demand. The SOFC delivered the required heat to the 

VARS after ramping up the current in the start-up phase.   

 

• It was also determined that the SOFC could mitigate the effect of increased refrigeration 

load due to door opening of the vehicle without violating stack temperature ramp 

limitations. The current was stepped-up to generate higher thermal power to deliver to 

VARS.   

 

• The combined system was subjected to refrigeration load following conditions for a 

typical summer and winter day. The SOFC system was able to follow the refrigeration 

load without violating maximum working temperature and temperature ramp-up 

constraints. It was observed that the system showed higher efficiency for a winter 
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journey compared to summer. The system achieved a peak efficiency of approximately 

75% on a winter day, mainly due to the SOFC operation at low current density and 

improved VARS COP at reduced ambient temperature.  The battery was needed to 

buffer the electrical power generated by the SOFC during load following operations. 

The SOFC system should be equipped with approximately 3.33 kWh battery capacity 

per kW of peak refrigeration load.  

 

7.2 Conclusions  
 

The transportation sector is experiencing a technology shift from internal combustion engines 

to battery-powered electrified systems. However, with limited range and long charging times, 

battery-powered applications are not attractive for heavy-duty and/or long-haul truck 

transportation. Fuel cell powered systems offer a promising alternative to truck transportation. 

Fuel cell technology has already penetrated the heavy-duty/long-haul automotive industry. 

Harnessing the heat from the fuel cell for use in another application will not only boost the 

system efficiency but also contribute to maximum recycling of energy within the system rather 

than wasteful dissipation. It is feasible to develop and employ SOFC-integrated VARS for 

refrigerated transportation. It makes the refrigerated truck far more efficient than conventional 

diesel engine-driven truck refrigeration units.  

 

The development of SOFC APU for transportation applications also encourages the possible 

future design of an entire methane fuelled, SOFC-driven electric vehicle concept where the 

heat is used for onboard air conditioning and refrigeration. The application of such systems is 

not restricted to automotive transportation, it can be further extended to stationary applications 

and other modes of transport to decarbonise the cooling/refrigeration sector. 
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Ammonia is highly toxic; hence the leakage of ammonia must be avoided and accidental leaks 

ammonia to the refrigerated cabinet prevented as this will harm the transported goods quality. 

Leakage chances of ammonia from the system may increase for automobile application due to 

vibration and acceleration. This safety hazard must be considered in implementing this 

technology for real world applications. 

 

7.3 Future Work 
 

The outputs of the current thesis provide an operational map of the combined SOFC-VARS 

system which can deliver further inputs and directions in developing a control methodology 

for the combined system. A comprehensive control methodology for the SOFC integrated 

VARS for automotive transportation has not been explored here and is an area that needs to 

be further explored. A control strategy development would provide further insights into the 

system operation and would need to take the complex interdependencies of the system 

operating parameters into account.  

 

A generic model was developed for the SOFC system in this study; however, it was not possible 

to develop such a generic model for the VARS system. The current VARS transient model 

requires many details even though it was intended for system level analysis. Therefore, a study 

needs to be carried out to check the feasibility of developing a generic model for the VARS. 

This would be a convenient tool in establishing the control methodology of the combined 

system.  

 

The transient analysis of the combined system under load following conditions was carried 

out according to UK climate conditions. The refrigeration load demand greatly depends on 
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climate conditions. Hence, the transient response of the combined system should be evaluated 

under a range of climate conditions.  

 

The current study did not consider the effect of vehicle vibration on the VARS performance. 

The vehicle vibration during a journey might affect the absorption and desorption processes in 

the VARS. The effect of vehicle vibration on the VARS performance could be a future area of 

analysis.  

 

Methane was considered as a logistic fuel in the current study. It should also be noted that the 

SOFC can deal with various fuels such as synthetic fuels/LPG/Hydrogen which may be 

potential logistic fuels for future automotive powertrain. Therefore, the combined system 

performance should be analysed with different logistic fuels, potentially modifying the SOFC 

operating envelope according to different fuels.   

 

A setup of the SOFC system powered VARS should be demonstrated on-board a vehicle. This 

would help to identify and address any issues with the real-world implementation of such 

systems. The ultimate goal should be the development of SOFC powered automotive 

powertrain for trucks, where the SOFC would act as a prime mover/range extender/APU to 

fulfil on-board electrical power requirements, and the SOFC exhaust used for driving a VARS 

for refrigeration and/or air-conditioning. 
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Appendix A 

 

Geometrical parameters of experimental set-up components 

 

Table A-1 : Geometrical parameters of the tube-in-tube heat exchanger.  

Parameters Value 

Number of fins 4 

Fin height (mm) 8 

Fin thickness (mm) 4 

Length of tube (mm) 500 

Inner diameter of inner tube (mm) 29.7 

Outer diameter of inner tube (mm) 33.7 

Inner diameter of outer tube  (mm) 56.3 

Outer diameter of outer tube (mm) 60.3 

Weight (kg) 7 

 

Table A-2 : Geometrical details of the desorber. 

Parameters Value 

Number of plates 27  

Height of plate (mm) 300 

Width of plate (mm) 50 

Thickness of plate (mm) 0.4 

Weight(kg) 6 

 

Table A-3 : Geometrical details of the rectifier.  

Parameters Value 

Outer tube diameter (mm) 6 

Inner tube diameter (mm) 4 

Height of cylinder (mm) 400 

Helix diameter (mm) 58 

Outer diameter of inner cylinder (mm) 42.4 

Inner diameter of outer cylinder (mm) 70.3 

Weight (kg) 7  
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Table A-4 : Geometrical parameters of the condenser.  

Parameters Value 

Number of fins (Nf) 27 

Fin height (mm) (Hf) 400 

Fin thickness (mm) (δf) 0.3 

Length of tube (mm) 410 

Inner diameter tube (mm) 29.7 

Outer diameter tube (mm) 26.7 

Weight (kg) 1.5 

 

 

Figure A-1 : CAD drawing of tube-in-tube heat exchanger.  

 
 

Figure A-2 : Schematic of the rectifier with geometrical details. 
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Appendix B 

 

 

Equations used to compute the experimental set-up performance.  

 

Total heat transfer area for the air-oil heat exchanger (AoilHX) was determined by eqn. B.1. 

AoilHX = Afin + Atube B.1 

Where, 

Afin Fin surface area (m2) 

Atube Un-finned tube area (m2) 

 

Afin and Atube are determined by eqn.B.2 and eqnB.3, respectively.  

Afin = 2NfHfLf B.2 

Atube = δfdoLf − NfLfδf B.3 

Where, 

δf Fin thickness (m) 

do Outer diameter of inner tube (m) 

Nf Number of fins 

Hf Height of fin (m) 

Lf Length of fin (m) 
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Table B-1 : Equations used to compute desorber performance of experimental setup. 

Equations  Abbreviations 

ṁconc = ṁvap + ṁdil  xabsr Ammonia concentration in absorber tank 

ṁconcxabsr = ṁvapxvap + ṁdil xdil hvap,dsrbr 
Specific enthalpy of refrigerant vapour 

(kJ/kg) 

Q̇ dsrbr = ṁvaphvap,dsrbr + ṁdil hdil,dsrbr

− ṁconchconc,dsrbr 
hconc,dsrbr 

Specific enthalpy of concentrated 

solution at desorber inlet (kJ/kg) 

hconc,dsrbr = fn(Tconc,dsrbr, Phigh, xconc) hdilute,dsrbr 
Specific enthalpy of dilute solution at 

desorber outlet (kJ/kg) 

hvap,dsrbr = fn(Tvap,dsrbr, Phigh, q = 1) Q̇ dsrbr  Heat load of desorber (W).  

 

hdilute,dsrbr = fn(Tdil,dsrbr, Phigh, q = 0) 
Tvap,dsrbr 

Temperature of refrigerant vapour at 

desorber outlet (°C) 

 

xvap = fn(Tvap,dsrbr, Phigh, q = 1) 
Tdil,dsrbr 

Temperature of dilute solution at 

desorber outlet (°C) 

 

 

xdilute = fn(Tdilute, Phigh, q = 0) 

Tconc,dsrbr 
Temperature of concentrated solution at 

desorber inlet (°C) 

Phigh  High side pressure (bar). 

ṁvap 
Mass flow of refrigerant vapour at 

desorber outlet (g/s) 

 xvap 
Ammonia concentration of vapour 

leaving desorber  
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Table B-2 : Equations used to compute rectifier performance of experimental setup. 

Equations  Abbreviations 

 

 

Q̇ rect  = ṁvaphvap,dsrbr − ṁref href,rect,out

− ṁrflxhrflx 

href,rect,out  
Specific enthalpy of refrigerant vapour 

at rectifier outlet (kJ/kg) 

hrflx   
Specific enthalpy of reflux flow at 

rectifier outlet (kJ/kg) 

hconc,rect,in  
Specific enthalpy of concentrated 

solution at rectifier inlet (kJ/kg) 

Q̇ rect = ṁconc(hconc,rect,in − hconc,rect,out) hconc,rect,out  
Specific enthalpy of concentrated 

solution at rectifier outlet (kJ/kg) 

ṁvap = ṁref + ṁrflx Tconc,rect,in  
Temperature of concentrated solution 

at rectifier inlet (°C) 

ṁvapxvap = ṁrefxref + ṁrflx xrflx Tref,rect,out   
Temperature of refrigerant vapour at 

rectifier outlet (°C). 

hconc,rect,out = hconc,dsrbr href,rect,out  
Specific enthalpy of refrigerant vapour 

at rectifier outlet (kJ/kg) 

hconc,rect,in = fn(Tconc,rect,in, Phigh, xabsr) hrflx   
Specific enthalpy of reflux flow at 

rectifier outlet (kJ/kg) 

xref =  fn(Tref,rect,out, Phigh, q = 1) hconc,rect,in  
Specific enthalpy of concentrated 

solution at rectifier inlet (kJ/kg) 

href,rect,out =  fn(Tref,rect,out, Phigh, q = 1) ṁref 
Mass flow of refrigerant vapour at 

rectifier outlet (g/s) 

xrflx= fn(Tconc,rect,in, Phigh, q = 0) xref 
Ammonia concentration of vapour 

leaving rectifier 

 

 

hrflx= fn(Tconc,rect,in, Phigh, q = 0) 

xrflx 
Ammonia concentration of reflux 

leaving rectifier 

ṁrflx 
Mass flow of reflux  at rectifier outlet 

(g/s) 

Q̇ rect  Rectifier heat load (W) 
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Table B-3 : Equation used to compute condenser and evaporator performance of experimental 

setup. 

Equations  Abbreviations 

Q̇ cond = ṁref(href,rect,out

− hcondenser,out) 

hcond,out Specific enthalpy of refrigerant at 

condenser outlet (kJ/kg) 

hcond,out = fn(Tcond,out, Phigh, xref) Tcond,out Refrigerant temperature at condenser 

outlet (°C) 

qcond,out = fn(Tcond,out, Phigh, xref) qcond,out Vapour mass fraction of refrigerant at 

condenser outlet 

Q̇ evp = ṁref(hevp,in − hevp,out) hevp,in & 

hevp,out 

Specific enthalpy of the refrigerant at 

evaporator inlet and outlet (kJ/kg) 

hevp,in = fn(Tevp,in, Plow, xref) Tevp,in & 

Tevp,out 

Temperature of refrigerant at evaporator 

inlet and outlet (°C) 

hevp,out = fn(Tevp,out, Phigh, xref) Plow Low side pressure (bar) 

 Q̇ cond  & 

Q̇ evp 

Heat load of condenser and evaporator 

(W) 

 

Table B-4 : Equation used to compute absorber performance of experimental setup. 

Equations  Abbreviations 

ṁabsr = ṁref + ṁdil  ṁabsr Incoming mass flow of fluid in absorber 

(g/s) 

ṁabsrxabsr = ṁrefxref + ṁdil xdil habsr,in Specific enthalpy of solution at absorber 

inlet (kJ/kg) 

ṁabsrhabsr,in = ṁrefhevp,out + ṁdil hdil Tabsr,in Solution temperature in absorber after 

mixing (°C) 

Tabsr,in = fn(Plow, xabsr, habsr,in) Q̇ absr   Heat load of absorber (W) 

Q̇ absr = ṁabsr(habsr,in − habsr,out)   

habsr,out = fn(Tabsr,out, Plow, xabsr)   
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Appendix C 

 

Refrigeration load calculation 

The ASHRAE thermal load calculation methodology. divides the refrigeration load of the 

refrigerated vehicle into five categories, namely:  transmission load (Q̇TL), infiltration load 

(Q̇IL), product load (Q̇PL), precooling load (Q̇PRL) and miscellaneous load (Q̇ML) as shown in 

Figure C-1. Hence, total cooling load of the vehicle is summation of all these five different 

types of loads as shown in eqn.C.1.  

 

Figure C-1 : Different refrigeration load of the refrigerated vehicle. 

�̇�𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛−𝑙𝑜𝑎𝑑 = �̇�𝑇𝐿 + �̇�𝐼𝐿 + �̇�𝑃𝐿 + �̇�𝑃𝑅𝐿 + �̇�𝑀𝐿 C.1  

 

Transmission load is the heat penetration into the refrigerated cabinet through the surface of 

solid body (via convection or conduction heat transfer). Transmission load (Q̇TL) is expressed 

based on the Fourier’s law [1] as shown in eqn.C.2.  
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�̇�𝑇𝐿 = 𝑈𝐴∆𝑇 C.2   

Where,  

∆T  Difference between ambient temperature and refrigerated cabinet temperature (ºC) 

The overall heat transfer coefficient (U) in eqn.C.2 was calculated using eqn. C.3 

𝑈 =
1

1
ℎ𝑖

+
𝑥𝑖𝑛𝑠

𝑘𝑖𝑛𝑠
+

1
ℎ𝑜

 
C.3  

where,  

hi  Inner surface heat transfer coefficient (W/m2 K) 

 ho Outer surface heat transfer coefficient (W/m2 K) 

xins Thickness of the insulation (m) 

kins Conductivity of the insulation material (W/m K) 

 

For still air, hi and ho values were taken as 9.1 W/m2 K, but if refrigerated cabinet is exposed 

to wind more than 25 km/h, ho value increased to 34 W/m2 K [1].  

 

Allowance for the temperature difference (∆T)  to consider solar heat gain is taken from 

ASHRAE guideline [1] and it is shown in Table C-1.  

 

Table C-1 : Temperature allowance to consider solar heat gain. 

Type of cabinet 

surface 

East wall 

(K) 

South wall 

(K) 

West wall (K) Flat roof (K) 

Dark coloured  5 3 5 11 

Medium coloured 4 3 4 9 

Light coloured 3 2 3 5 

 

Infiltration load is the thermal load entering the refrigerated cabinet due to door opening, it was 

determined using eqn. C.4. The magnitude of the Infiltration load depends upon the dimensions 

of the door and frequency of the door opening [1]. Heat gain due to infiltration is significant 
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for short delivery journey where frequent door openings take place, however for longer journey 

(end point to end point), it is not that significant as door opening does not take place often.  

�̇�𝐼𝐿 =
𝑡0

3600
𝑞𝐼𝐿 

C.4  

Where  

t0   Door opening time per hour (s) 

qIL Heat gain during door openings (kW) 

 

Heat gain during door openings can be determined using eqn.C.5.   

𝑞𝐼𝐿 = 0.577𝑊𝐻1.5 (
𝑞𝑠

𝐴
) (

1

𝑅𝑆
) 

C.5  

Where, 

W   Door width (m) 

H    Door height (m) 
qs

A
   Sensible heat load of infiltration air per square metre of door opening (kW/m2) 

RS  Sensible heat ratio for infiltration from ambient to refrigerated cabinet (kW/m2) 

 

Values of 
qs

A
and RS for infiltration from ambient to different types of trucks  were taken from 

the ASHRAE guideline [1].  

  

Product load is the heat released by the food present in the refrigerated cabinet. Precooling load 

is the energy needed to cool down the refrigerated cabinet to the settling temperature before 

loading of the products. Miscellaneous load includes the heat released by internal sources, 

human and equipment related load. However, miscellaneous load and product load are always 

negligible compared to infiltration load, precooling load and transmission load [1].  

 

The roof, doors and walls consist of 60mm polyurethane foam (0.0228 w/m K  thermal 

conductivity)  [1] 
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Effect of door opening for small truck  

 

 

Figure C-2 : Effect of door opening time on refrigeration load of small truck.  

 

The small, refrigerated vans/trucks used for short delivery route and urban area delivery route 

where frequent door opening take place, hence infiltration load was significant. Therefore, door 

opening time during journey is vital factor to compute cooling load for the small-refrigerated 

trucks and vans. Door opening time per hour was varied from 2 minutes to 6 minutes. The 

longer the doors are kept open, the more ambient air entered the refrigerated cabinet which 

increased the demand load 

References  

1. ASHRAE, 2018. Chapter 24. Refrigerated-facility loads. 2018 ASHRAE Handbook – 

Refrigeration, SI edition. 
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Appendix D 

 

Desorber iterative solver 

 

Figure D-1 : Iterative desorber solver.  

 

To solve the model of the desorber, inlet conditions of liquid solution (m
.

liquid,xliquid, hliquid, 

and Tliquid ) at the top most discretised volume were determined from the SHX outlet whilst 

mass flow of vapour (m
.

vapour,0) at bottom-most discretised volume was zero as no amount of 

vapour entered into desorber from the bottom. There were eight unknowns for each discretised 

volume namely: m
.

vapour,i,xvapour,i,hvapour,i, Tvapour,i, m
.

liquid,i,Tliquid,i,xliquid,i, and hliquid,i. 

However, there were only five equations for each discretised volume. Therefore, it was 
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required to develop iterative solver for the desorber modelling. A pictorial presentation of 

various steps involved in the iterative desorber solver is depicted in Figure D-1.  

 

First step required to solve the iterative desorber model was to guess initial mass flow of the 

liquid solution (m
.

liquid,i) and refrigerant vapour (m
.

vapour,i) in each discretised volume which 

was assumed to be the inflow values. 

m
.

liquid,i = m
.

liquid,i+1  

m
.

vapour,i = m
.

vapour,i−1  

 

The liquid-vapour phase equilibrium was assumed, which also determined the vapour outlet 

temperature at the outlet of each discretised volume with following assumption.  

Tvapour,i = Tliquid,i+1.  

Hence, saturated vapour enthalpy (hvapour,i) and concentration (xvapour,i) can be determined 

with known Tvapour,i and high-side pressure.  

hvapour,i=fcn(Tvapour,i, Phigh, q = 1)  

xvapour,i=fcn(Tvapour,i, Phigh, q = 1)  

q is a vapour quality. q=0 suggest that vapour content in the mixture is zero (i.e., saturated 

liquid/sub-cooled liquid) and q=1 implies saturated vapour mixture.   

 

The liquid solution concentration (xliquid,i) was determined by using initial two equations 

mentioned mass and species conservation equations with known values of xvapour,i, 

m
.

vapour,iand m
.

liquid,i. Saturated liquid temperature (Tliquid,i) and enthalpy (hliquid,i) were 

determined by following equations. 
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Tliquid,i=fcn(Phigh, xliqud,i, q = 0)  

hliquid,i=fcn(Phigh, xliqud,i, q = 0)  

In the final step, the residual energy is derived in each discretised control volume to update the 

vapour mass flow rate as shown below.  

Q
.

residual = m
.

liquid,i+1hliquid,i+1 + m
.

vapour,i−1hvapour,i−1 − m
.

liquid,ihliquid,i

− m
.

vapour,ihvapour,i + (UA)liquid,i(Tw,i − Tliquid,i) 

 

m
.

vapour,updated =
Q
.

residual

hvapour,i − hliquid,i

.

 

 

 

 

Energy, mass, and species conservation equations were carried out until the convergence 

criterion of  Q
.

residual<1E-5 was achieved.  

 

Refrigerant and storage tanks equations  

 

Table D-1 : Equations used to determine temperature and pressure in storage tanks. 

Equations  Abbreviations 

Plow

= fcn(xsol.tank, vsol.tank, Usol.tank) 

vsol.tank & 

vref.tank 

Specific volume of the working fluid 

in solution and refrigerant tank 

(m3/kg).  

Phigh

= fcn(xref.tank, vref.tank, Uref.tank) 

xsol.tank & 

xref.tank 

Ammonia concentration of the 

working fluid in solution and 

refrigerant tank.  

Tsol.tank,out

= fcn(xsol.tank, vsol.tank, Usol.tank) 

Usol.tank & 

Uref.tank 

Specific internal energy of the 

working fluid in solution and 

refrigerant tank, respectively 

(kJ/kg). 

Tref.tank,out

= fcn(xref.tank, vref.tank, Uref.tank) 

Tsol.tank & 

Tref.tank 

Temperature of the working fluid in 

solution and refrigerant tank (K). 
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Appendix E 

 

Cryogenic refrigerated transportation systems 

 

The working principle for cryogenic transport is the same, independent of the actual cooling 

fluid, such as liquid nitrogen (LN2) or liquefied carbon dioxide (LCO2). LN2 or LCO2 are stored 

in a large vacuum insulated tank mounted underneath the vehicle chassis. The fluids stored in 

the tank are at high pressure and low temperature (LN2 at 3 bar and -196C and LCO2 at  8.6 

bar and -57C). As shown in Figure E-1, a pump forces the cryogenic fluid to enter an 

evaporator where the heat exchange takes place between ambient air and cryogenic fluid. Then 

the cooled air is passed into the refrigerated cabinet of the truck. 

 

 

Figure E-1 : Cryogenic refrigeration systems using LN2 and LCO2. 
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