
-67- 

 

 2nd
 International Conference on Energy Systems and Technologies 

18 – 21 Feb. 2013, Cairo, Egypt 
 

 

 

 

AN EVALUATION OF SOLID OXIDE FUEL CELL  

FOR RESIDENTIAL APPLICATIONS  
 

Omar A. Shaneb
1
 Ahmed A. Alguwiri

2  

 
1
 Faculty of Engineering, Misurata University, Misurata-Libya 

 
2
 The College of Industrial Technology, Misurata-Libya 

 

 

 

Solid oxide fuel cell (SOFC) has been chosen as a µCHP unit for this research since it offers 

several advantages over other technologies. An overall model of a SOFC system, which has 

is capable to estimate annual CO2 emissions and operational costs of the system, has been 

developed. The impact of using SOFC in residential buildings has been evaluated. Three 

different sizes of SOFC: 1kWe, 2kWe and 3kWe, were simulated for one year according to 

two a heat-led and an electricity-led. Results show that using SOFC has a beneficial impact 

in terms of operational costs and CO2 emissions.  
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INTRODUCTION 
 

The applications of combined heat and power (CHP) systems, which aim for more 

energy savings and more reduction of emissions, have been recently extended. This is because 

micro-scale of such technologies with high performance, including fuel cells (FCs), internal 

combustion engines (ICEs), and Stirling engines (SEs), have been recently developed [1]. 

Small and micro scale of CHP technologies have several advantages such as: increased 

efficiency; reduced overall emissions; lower transmission losses; and increased energy 

security from natural disasters and even terrorist acts [2]. CO2 emissions of residential 

applications represent a significant part of the total energy consumption in developed 

countries. For example, residential applications in the UK are responsible for about 150 Mt 

CO2 emissions (i.e. 25% of the whole emissions) [3]. In order to achieve a significant CO2 

reduction, many strategies must be adopted in the policy of these countries. Introducing µCHP 

technology into residential energy systems is considered as one of the strategies which can 

contribute in this field [3].  
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The µCHP system for a single dwelling, which has been considered in this study, 

consists of: µCHP unit, a thermal storage device, an electrical storage device, a backup heater, 

and it is also connected to a LVDN in order to export/import power, as illustrated in fig 1. The 

system used in this paper is based on the system previously developed by one of the authors 

for proton exchange membrane fuel cell (PEMFC) [2]. However, the system has been 

modified to reflect the purpose of this study. 

The developed µCHP system model consists of five sub-models: a SOFC, an electrical 

storage and electricity supply system model, a thermal storage and heat supply system model, 

a control strategy model, and CO2 emissions and operational costs model. The developed 

model is a simplified model but still gives useful results. The impact of using SOFC based 

µCHP in residential buildings has been evaluated in terms of energy savings and reductions in 

CO2 emissions (Shaneb and Taylor, 2009). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A conceptual arrangement of residential µCHP system. 
 

 

TECHNOLOGIES USED AS RESIDENTIAL µCHP 
 

Theoretically, many technologies can be used for µCHP systems but only three types are 

suitable to be integrated in single dwellings’ energy systems: ICEs, SEs and FCs. Each 

technology has advantages and disadvantages as summarized in table 1. 

µCHP presently is mainly operated by burning natural gas. The application of biomass 

in this technology is still at the pre commercial stage. Moreover, µCHP can be efficiently 

operated by hydrogen once it is available, in particular FCs, where using hydrogen is 

preferable because using hydrogen as a fuel makes the FC simpler and more cost effective by 

excluding the reformer. In addition, SOFCs have the advantage to be operated by different 

fuels such as biomass, because of its high operation temperature. So, adoption of µCHP 

systems has the potential to play a significant role in the transition to a future sustainable 

energy system with low CO2 emissions. However, there are some challenges facing the 
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adoption of µCHP technologies such as the high capital cost and the integration within the 

LVDN/µG [3]. 

SOFC technology has been considered in this study because it is a good candidate for 

using as a µCHP unit for single dwellings. 

 
Table 1: Comparison between candidate µCHP technologies for single dwellings [3] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ENERGY DEMAND FOR RESIDENTIAL APPLICATIONS 

 

Residential Energy demand, which can be divided into two main categories: electricity 

demand and heat demand, vary significantly from one household to another. The heat demand 

is peaky, depending on occupation mode, with only two common significant periods of 

demand in cold seasons during morning and evening periods. On the other hand, electricity 

No. Characteristic ICEs SEs FCs 

1 Market availability Available Available Not commercially yet 

2 Noise level Relatively high Low The lowest 

3 CO2 emissions Low but it 

depends heavily 

on age of the 

engine 

Low Low 

4 Other pollutants High . Low The lowest 

5 Overall efficiency 
85-90% . 

70–90% 85-90% 

6 H:P ratio 3:1 12:1 About 1 

7 Investment cost Low High Relatively high but it is 

expected to be reduced 

8 Maintenance 

requirements 

Frequent. Low The lowest 

9 Life time Long. Long Relatively short 

10 Fuel type Natural gas. Natural gas 

or 

renewable 

fuels 

Hydrogen or natural gas 

11 Electrical 

efficiency at partial 

load 

Very low Good Very good 

12 Load following 

capability 

Good Good Rapid 

13 Start-up capability Rapid Rapid Relatively low 
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demand in a house has transient behaviour since it dramatically depends on the seasonal and 

daily variations. Temporal precision is the time step that must be taken into consideration 

when a µCHP system is being simulated, since it is crucial and could lead to misleading 

results. For instance, [4] proved that using 5-min resolution for the demand is adequate to 

produce accurate results.  

 
AUXILIARY COMPONENTS OF A µCHP SYSTEM 

 

A µCHP unit could be integrated with: thermal storage, back-up heater and electrical 

storage to improve its performance, and it is often connected to a LVDN enabling it to 

export/import electricity. Adding a thermal storage to a µCHP system allows the µCHP unit to 

operate more continuously without a frequent need for switching on/off and ramping up/down 

at partial loads resulting in a better performance [5]. Adding a back-up heater can cover peak 

demands, and therefore on need to dump heat. Moreover, many feasible control strategies 

such as heat-led and electricity-led can be applied because electricity production can be 

partially de-coupled in time from the thermal demand [5]. The effective usage of the electrical 

storage can mostly satisfy fluctuating electrical loads and consequently these loads would 

have less effect on the LVDN. Furthermore, the amount of exported electricity will be reduced 

resulting in avoidance of selling electricity at unattractive prices [6]. 

 
OPERATING STRATEGIES 

 

Operating strategy is the strategy for activating, deactivating or turning down/up the 

µCHP unit [7]. Operating strategy aims to control the µCHP system to achieve specific 

benefits for the householder, the supplier or the LVDN [8]. Operating strategies can be 

generally divided into three types: heat-led, electricity-led and time-led. 

Heat- led operating strategy, which is simply based on meeting thermal demand by firstly 

operating the µCHP unit and then any deficiency can be met by a back-up heater [8]. It is a 

very common strategy for operating the SEs units available in the market [7Error! Bookmark 

not defined.]. Electricity-led operating strategy, which is based on operating the µCHP unit to 

meet the maximum possible amount of the electrical demand, while any deficiency can be, 

imported from the LVDN [7].Time- led operating strategy, which is based on operating the 

system at its rated power output for one or more period daily when the demand is very high 

[8Error! Bookmark not defined.], for example in mornings and evenings.  The system can also 

be timed to operate at its rated power when heat demand is greater than the recovered thermal 

power of the µCHP unit, or when heat demand is less than the recovered thermal power of the 

µCHP unit and the temperature of the storage is less than its maximum [8Error! Bookmark 

not defined.]. It can also be operated with partial capability during modest thermal demand 

periods. Heat-led and electricity-led have been considered in this study since they are more 

applied in practical. 

 

MODELINIG OF THE SYSTEM 

 

The proposed µCHP system, which has been previously illustrated in fig 1, has been 

modelled in Matlab/Simulink. This model is based on the author previous model [2]. The 

operating strategies used for operating the SOFC are either a heat-led or an electricity-led. 

Once the FC is being operated according to a particular strategy, the system will be operated 
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according particular rules. 

 

First of all, the out power from the SOFC is primarily for meeting the electricity demand 

but any excess power will be used for charging the battery. However, if the demand is not 

completely met by SOFC, the battery is used to meet the rest of the demand. In the meantime, 

any excess power from SOFC, which can not be charged into the battery, will be sold to the 

LVDN. On the other hand, any shortfall in power can be covered by the LVDN. Secondly, the 

heat energy from the SOFC is first used to meet the thermal demand by passing it through the 

thermal storage; and any excess heat will be stored in the storage. However, if SOFC is unable 

to meet the demand, the thermal storage device is used to meet the rest of this demand. 

Meanwhile, any excess thermal energy beyond the storage’s capacity will be dumped through 

the sink. In the meantime, any further deficit in heat can be met by the backup heater. 

In order to simplify modelling, the system has been divided into five sub-models as 

follows.   

 

1- µCHP Model 

 

This model simulates the behaviour of the SOFC. For the sake of simplicity, a parametric 

relationship between the efficiencies and the outputs is applied in this model, which is based 

on empirical data [9]. The electrical efficiency varies in the range of 12-37% with an 

approximately average of 34% based on LHV of natural gas while the overall efficiency varies 

in the range of 75-80% with an approximately average of 78% based on LHV of natural gas.  

The main calculations that the model can do are: 

DC power produced by the SOFC at any time (PDC) can be estimated once the AC power 

required from FC (PAC) is known using (1):  

       

                                                        

A

AC
DC

P
P

ε
=                                                              (1) 

 

where: εA is the efficiency of inverter A, which varies with change in load factor (LF). Load 

factor (LF) is the ratio of the DC power produced by the SOFC at any time (PDC) to the 

maximum DC power that the FC can produce (P
max

). 

2. Electrical efficiency of SOFC (ηe,FC) is estimated based on LF.  

3. The mass flow rate of natural gas to the SOFC at any time (
FC,g

m& ) in g/sec is calculated 

by the following equation: 

                                       

1000
LHV

P
m

FC,e

DC
FC,g ×

×
=

η
&

                                                 (2) 

 

where: LHV is the lower heating value of natural gas. 4. Thermal power produced by the 

SOFC (
FCQ& ) at any time can be estimated according the values of thermal efficiency in fig. 2 

by the equation:   

                                        
1000

,, FCthFCg

FC

LHVm
Q

η××
=

&&                                                   (3) 

 

where: ηth,FC  is the thermal efficiency of the SOFC.   
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2- Operating strategy Model 

 

According to the chosen operating strategy, either heat-led or electricity-led, this model 

limits the output of the SOFC to the allowable levels. For instance, if the system is driven 

according to the heat-led strategy, the input to this model will be the heat demand profile and 

the output thermal of FC 
FCQ&  will be estimated according to this demand. As a result, this 

model estimates the corresponding value of output DC power PDC that must be generated by 

the SOFC to enable it producing this value
FCQ& .  

 

3- Electrical Storage and Electricity Supply System Model 

 

This model simulates performance of the electrical storage device, LVDN and the 

electricity interface(s). This model has been adopted since it is relatively simple and satisfies 

the main purpose of the paper [2]. This model assumes that lead-acid battery technology, 

which is used for electrical storage, which has variable parameters such as the nominal 

voltage of the battery set VB and the storage capacity CO that can be defined by the user.  

However, VB and C0 in this model are assumed to be 48 V and 110 Ah respectively. The 

maximum and minimum state of charge SOC can also be defined by the user, however in this 

study they are assumed to be 100% and 20% of C0, respectively, because SOCmin of 20% 

guarantees an acceptable lifetime for the battery, and avoids the very high drop of VB. 

According to the specifications adopted from the maximum allowable discharging current 

IDmax equals C/5 and the maximum charging current ICmax equals C/10. 

In order to ensure efficient performance of the battery, charging and discharging currents 

at any time will be limited to IDmax and ICmax, respectively, by a charge controller C. So an 

empirical data of charge removed for different discharge rates has been included in this mode. 

DC power is inverted to AC power to meet the electricity demand by the inverter A while AC 

power is converted to DC power to charge the battery by the inverter B, which is bi-

directional inverter to smoothly permit transitions from charging to discharging operations or 

vice versa.  

The efficiency of the inverter A, which varies according to the ratio between the 

instantaneous output power of the inverter to its rating, is based on observed data from the 

Sunny Boy SB2500. According to PD and PAC, the model can simulate the performance of the 

system throughout any time period specified by the user. 

PAC at the AC bus is given by: 

                                                         PAC=εA.PDC                                                        (4) 

 

where: εA is the efficiency of the inverter A]. 

The surplus power P+ at any time is the difference between PAC and PD at the same time:  

 

                                                     P+=PAC-PD, PAC>PD                                                        (5)  

 

On the other hand, when PAC< PD, then a shortfall in power P− can be calculated as 

follows: 

 

                                                            P-=PD-PAC                                                                       (6) 

  

When there is a surplus, the electrical storage will be charged by a current limited by 
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ICmax. The available current for charging the electrical storage IC0 at any time can be calculated 

by:  

                                                 B
V

1B
.

C
.P

CO
I

εε+=
                                                  (7) 

 

where: εC is the efficiency of the charge controller and is assumed as a constant 98%; εB1 is 

the efficiency of the AC to DC converter. 

The actual charging current IC has two constraints: IC ≤ ICmax and SOC ≤ SOCmax. In the 

event of a shortfall, the battery will meet this shortfall by discharging it without exceeding the 

value of IDmax. The model estimates the required current from the battery ID0 to compensate 

the amount of deficit power, according the equation below:  

                                                   2B.C.BV

P
DOI εε

−=
                                                   (8) 

 

where: εB2 is the efficiency of inversion power from DC to AC and it is based on an empirical 

relationship. In order to determine the actual discharging current at any time ID, the model 

checks the limitations of this process: ID≤ IDmax and SOC≥ SOCmin. 

 

                                               
10,

t.DI
DC ≥≤= αα

∆

                                              (9) 

 

where: α is the discharge efficiency and it can be estimated according to the following 

equation: 

 

                                          
10,

100

8.59)DI/OCln(.3.13
≥≤

+
= αα

                                        (10) 

Consequently, the value of CD during any period ∆t is calculated by the equation:  
                         

                                                       ∆C=(IC·∆t)-CD                                                       (11) 

 

The model also calculates the SOC at any time t according to the values of IC and ID by 

the following equation: 

 

                                                  SOCt=SOC(t-1)+∆C,                                      (12) 

 

where: SOC(t−1) is the SOC at the previous time.  

The imported power from the LVDN at any time Pimport is determined by:  

                                                       

                                                       Pimport=P--Pbatt,                                                     (13) 

 

where: Pbatt is the power demand met by the battery at any time and calculated by:   

                                                  

                                                   Pbatt=ID·VB·εB2·εC                                                   (14) 

  

The exported power Pexp will be determined by: 
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4- Thermal Storage and Heat Supply System Model 

 

This model simulates the performance of the thermal storage, the backup heater and the 

heat sink (usually a heat exchanger for dumping). The model has been developed based on the 

idea of [6] and the equations in [5]. 

It is assumed that the amount of water in the thermal storage remains constant. So, the 

amount of energy stored in the water will simply depend on the temperature of the water 

inside the thermal storage and can be expressed as follows [5]: 

                               

                              
)TT(CPVU minststststst −= ρ∆

                                  (16) 

 

where: ∆Ust is the difference between the value of internal energy at instantaneous 

temperature Tst and its value at the minimum allowable temperature Tmin. The operational 

range of storage temperatures is assumed to vary between Tmin (where Ust = Umin=0) and Tmax 

(where Ust = Umax); and the values of Tmin and Tmax are assumed to be 50 
o
C and 75 

o
C, 

respectively. Furthermore, it is assumed that the storage has a volume of 200 litters because 

most SOFC units are already integrated such size [10]. Ust at any time can be estimated by: 

 

                                   ststst U)tt(UU ∆∆ +−=                                           (17)                    

 

The model compares the thermal power produced by the SOFC FC
Q& to the total thermal 

power demand D
Q& at any time to decide whether to store energy in the thermal storage or to 

use the stored one.  If )QQ(
DFC

&& ≥ , the heat power surplus ( +Q&) will equal [5]: 

 

                                                    DFC QQQ &&& −=+                                                              (18)   

 

The available amount of thermal energy for storing 
OC

Q  in the step time ∆t equals: 

                                                   
tQQ

OC ∆×= +
&

                                                           (19)  

 

The model checks if Uts=Umax, the excess heat will be dumped through the sink, and as a 

result, dumped heat QDump during this time step will be estimated by: 

                                             
tQQQ

OCDump ∆×== +
&

                                                   (20) 

 

On the other hand, if Ust≠Umax, then the model compares the value of 
OCQ to the maximum 

allowable energy that the thermal storage can absorb (Umax-Ust).  
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If  
)( max stC UUQ

O
−≥

,  then: 

 

                              )()( maxmax stCDumpst UsUQQandUUU
o

−−=−=+                                 (21)  

 

where:  U + = increase in the internal energy.  

 

If  
)UU(Q stmaxOC −<
 , then:  

                                    
zeroQandQU DumpOC ==+                                       (22) 

 

If
 DFC QQ && ≤ , the deficit heat power ( −Q&) will equal:  

 

                                                         FCD QQQ &&& −=−                                                        (23)  

 

The available amount of thermal energy for discharging from the storage (
ODQ ) during ∆t 

equals: 

                                                         
tQQ

OD ∆×= −
&

                                                     (24)  

 

The model compares Ust to Umin. If Ust=Umin, it means that no heat is available in the 

storage. As a result, the thermal energy required by the backup heater QB during this time step 

will equal:  

 

                                                       
tQQQ

ODB ∆×== −
&

                                                (25) 

 

On the other hand, if ( minmax UUU st >> ), then the model compares the value of 
OD

Q to 

the maximum allowable energy that the thermal storage can deliver (Uts-Umin).  

 

If  
)( minUUQ stDO

−>
 , then:    

 

                      
)UU(QQand)UU(U minstoDBminst −−=−=−                     (26)  

 

where: −U  = decrease in the internal energy.    

If 
)UU(Q minstOD −≤
, then:  

                  
                      

0Qand,QU BOD ==−                                           (27)  

 

The performance of the backup heater is based on its total efficiency (ηB), and it is 

assumed to be 85% based on HHV of natural gas [2].  
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5- Operation Costs and CO2 Emissions Model 

 

This model estimates the operation costs and CO2 emissions for the µCHP system and 

the conventional system, where electrical demand is met by the LVDN and the heat demand is 

met by a conventional boiler. Prices of gas and electricity and emission rates are based on the 

author’s previous paper [2]. The price of electricity met by the LVDN is considered at fixed 

rate of 0.082£/kWh; the price of natural gas is considered on a fixed rate of 0.0228 £/kWh 

based on HHV, and the price of exported electricity is considered at a fixed rate of 0.04 

£/kWh.  CO2 emission rate for LVDN electricity is assumed 0.43 kg/kWh while CO2 emission 

rate for natural gas is assumed 0.189 kg/kWh based on LHV. Emission rate of gas-fired 

boilers is assumed 0.25 kg of CO2/kWh generated heat. 

 

DISCUSSION 
 

Four different sizes of SOFC: 1kWe, 1.5kWe, 2kWe and 3kWe, have been simulated 

according to two different operation strategies: heat-led and electricity-led, in order to 

estimate annual cumulative operational costs and CO2 emissions. Results have showed that 

SOFC has the impact to reduce both CO2 emissions and operation cost for all the sizes and 

operation strategies investigated, as it appears in figure 2. However, it is obvious that the size 

3kWe operated according to electricity led strategy has the most beneficial impact among the 

other sizes in terms of operational costs and emissions, where an annual operation cost above 

400£ and annual savings in CO2 emissions of approximately 2500kg have been achieved. 

 

 

 
 

 
Figure 2: Annual operation costs and CO2 emissions for 1kWe and 3kWe SOFCs with different 

operational strategies 
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CONCLUSION 

 

It can be concluded that FCs can be considered to have a number of attractive features 

for single house application, especially SOFCs, since they offer several advantages among the 

other types of µCHP technologies. In addition, a model of a µCHP system for residential 

application, which is capable to estimate the operational costs and CO2 emissions of the 

system, has been developed. This model is a simplified model but still give useful results. 

Moreover, this model is a useful tool for developing an online operating strategy, which is 

being developed by the author.  Furthermore, µCHP systems, especially SOFC systems, have 

the potential to significantly reduce the CO2 emissions of single dwellings compared to the 

conventional method using a conventional boiler and LVDN electricity (e.g.3 kWe PEMFC 

µCHP system has achieved a reduction of about 23 % CO2 emissions and 19 % annual 

operation costs). As a result, deployment of µCHP systems would notably enhance their 

impact. It has also been conclude that the rating of SOFC unit and the adopted operating 

strategy have a great influence on the reduction of the annual CO2 emissions and operation 

cost as it is obvious from the charts. As a result, optimally sizing the µCHP unit and other 

components of the system should yield further improvements. 
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