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ABSTRACT
Transition to energy systems with low greenhouse gases emissions is required by national and
international organisations (e.g. EU Commission, Environmental Protection Agency and/or
United Nations Framework Convention on Climate Change) with the aim of decreasing global
warming. Different solutions have already been studied and proposed but more improvements
could be achieved. In this paper a new heat recovery for micro-cogeneration system based on
a Solid Oxide Fuel Cell and Air Source Heat Pump is presented with the main goal of
improving efficiency on energy conversion for a residential building. The exhaust gases after
the fuel cell are firstly used to heat water for heating/domestic water, and then they are mixed
with the external air to feed the evaporator of the heat pump with the aim of increasing energy
efficiency of the latter. This system configuration decreases the possibility of freezing of the
evaporator as well, which is one of the drawbacks for air source heat pump in Nordic
climates. Simulations are performed varying the external air temperature, air humidity and
SOFC nominal power. COP increases up to more than 100 % when SOFC electric power is
close to its nominal (50 kW), and/or inlet air has a high relative humidity (close to 100 %).
Instead, the effect of mixing the exhausted gases with air may be negative (up to -25 %) when
SOFC electric power is 20 kW and inlet air has 25 % relative humidity. Thermodynamic
analysis is carried out to prove energy advantage of such a solution with respect to a
traditional one, resulting to be between 37.5 % and 45 % in terms of primary energy.
KEYWORDS
Adiabatic mixer, air source heat pump, energy performance, evaporator frosting, ground
source heat pump, micro-cogeneration, Solid Oxide Fuel Cell
1. INTRODUCTION
Solid Oxide Fuel Cells (SOFC) are a promising energy generation technology with high
efficiency. Different configurations of SOFC based systems were proposed, for example
combined with Rankine cycle [1], Organic Rankine Cycle [2], Stirling [3-5], gas turbine [6-7]
and steam-injected gas turbine [8]. For example, in [9] a SOFC-gas turbine integrated system
with the external steam reforming of ethanol to produce hydrogen for the SOFC was
proposed. The effects of key operating parameters, such as pressure, fuel use and
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turbomachinery efficiency, on the SOFC-gas turbine hybrid system performance were
discussed. Instead, a new hybrid system that couples a solid state two-stage thermoelectric
generator to a solid oxide fuel cell was proposed in [10]. The study optimized the number of
thermoelectric elements among the top and bottom stages and a relationship between the
operating current density of the SOFC and the dimensionless electric current of the optimized
thermoelectric generator was derived.
SOFC have also high flexibility on the used fuel. Fuels such as ammonia, dimethyl ether
(DME), methanol and ethanol were studied in [4], biomass gasification studied in [3] and [6],
while municipal waste after gasification were simulated in [7]. In [11] two new trigeneration
systems (producing power and heating alongside with cooling) based on solid oxide fuel cell
fed by either the syngas or biogas were proposed. Through a parametric study, the effects of
some key variables such as the current density and the fuel utilization factor in the systems’
performance were investigated.
SOFC were already studied for micro-cogeneration systems, especially for the residential
sector [12-14] in cases where the households require a system for both electricity and heat
production with a power request wherein the heat to power ratio is changing during the time.
In [15] one of the possible ways to integrate a heat pump with a micro-Combined Heat and
Power based on Solid Oxide Fuel Cell technology was presented, in order to increase the
overall efficiency of the building heating system. Three different geothermal heat pumping
technologies (vapour compression, absorption and adsorption) were studied both from
experimental and numerical model (by Trnsys) point of view. Simulations performed
demonstrated that the overall yearly efficiency can be improved up to 30 %.
Micro-cogeneration was already proposed not only in household applications but also for
electric mobility. The systems were based on different micro-cogeneration equipment, i.e.
internal combustion engine coupled to natural gas boilers in [16-18], and SOFC in [19-22].
The present authors have already studied performance of heat pump systems applied to
heating, ventilation and air conditioning plants, both with ground source heat pumps (GSHP)
as in [23-24], and with air source heat pumps (ASHP) as in [25-26]. They proposed
improvements of energy efficiency of SOFC systems coupled with GSHP for cold climates
[27] and with ASHP for warmer climates [28]. In these cases, however, SOFC off-gases were
used only to heat water for heating and/or domestic hot water production. An innovative
operation strategy defined and analysed in [29] was used in those studies: it did not follow
electrical or heating demand separately but considered both together. In that strategy, an
electric equivalent load (EEL) parameter was defined, which summed the electrical demand
for the user, the heat pump, and the electric heater (if used). EEL considered that the heating
user demand was covered partly by the SOFC waste heat, partly by the heat pump, and partly
by the integration heating system.
One of the main characteristic of SOFC systems is their high temperature in the exhausted
gases, which can be used for different purposes. The off-gases temperature depends on the
working condition of the system, and can be as high as e.g. 700 °C as shown in [4]. Heat
recovery on the waste gases was studied both in a residential application [30] and in the
industrial sector [31], but in a few cases, SOFC was combined with absorption chiller as
proposed in [32].
Even after heat recovery, SOFC exhausted gases have an interesting enthalpy as they still
have a temperature greater than 100 °C. In this paper authors propose a new heat recovery for
micro-cogeneration SOFC system after the exhausted gases are firstly used to heat water for
heating/domestic water: they are mixed with external air to feed the evaporator of an air
source heat pump with the aim of increasing energy efficiency of the heat pump. Such a
technique was already studied by the authors applied to a heating, ventilation and air
conditioning plant set up by a gas engine driven heat pump in an existing historical building
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[33]. This study presents the mathematical model of the system and the results of the first
simulations. Here, an effective energy saving is proved while economic viability of such a
system should be analysed in a future development of this work, based on an annual analysis
on different climates. Anyway, economic analysis as given in the previous studies of the
authors indicates potential positive results of such a system in both Northern [27] and
Southern climate [28].
2. OVERVIEW OF THE SYSTEM
The system here proposed is set-up by a cogenerator (in this case a solid oxide fuel cell), an
air source heat pump and an air mixer. Considering a typical residential building, SOFC
provides for electricity while heat demand is satisfied by both the heat recovered from SOFC
exhausted gases and the heat pump. In the configuration here proposed the exhausted gases
further exchange heat by preheating inlet air at the evaporator section of ASHP. This may
increase the overall performance of ASHP. It is worth to underline that in this study the
possible direct use of exhausted gases heat is not considered as this possibility would have
implied an air heating system for the served building. It is considered that the building is
heated by a water based heating system only.
2.1 Solid Oxide Fuel Cell
SOFC is simulated using the simulation tool DNA (Dynamic Network Analyser) developed at
DTU [4]. Natural gas as fuel for SOFC is here considered even if the effectiveness of other
fuels (like ammonia, DME, ethanol or methanol) was proved in a previous study by the
Authors [4]. The fuel cell cogenerator is set up by the following components (Figure 1):
- air compressors to compress the air necessary (106 kPa) for the fuel cell system;
- a catalytic partial oxidation (CPO) to convert the heavier hydrocarbons into CH4, H2
and CO;
- a desulfurizer to remove the sulfur from the fuel and avoid fuel cell poisoning;
- heat exchangers to increase plant efficiency, preheating fuel and air using the off-fuel
and off-air respectively (CP,RP,FP,AP), and to heat water for space heating as well as
for domestic hot water (DHW) using the wasted off-gases (HEAT RECOVERY);
- a burner to increase enthalpy of the unused fuel out of the fuel cell;
- SOFC stacks, with performance calculated by the type developed at DTU Risø
National Laboratory.
It is supposed that compressors’ electricity consumption (ηaux) is 1.5 % of the electricity
produced, while inverter efficiency (ηinv) is assumed to be 92 %. An overall transmitted
efficiency (ηtrans) is defined considering both auxiliaries and inverter efficiencies (Equation 1):

η trans = η auxη inv

(1)

Under such hypothesis the ηtrans can be calculated to be 0.9068. Table 1 reports the
thermodynamic benchmarks of a simulation of the SOFC system with 50 stack at full load (50
kW).
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Figure 1. Representation of SOFC system ([27-28]). The air mixer to partly recover heat from
the exhausted gases of the SOFC is connected after the Heat Recovery by point 1 (see next
Figure 4).
Table 1. Efficiencies of the different components of the SOFC system.
Parameter

Value

SOFC (50 kW, full load),
thermal efficiency

ηthermal,SOFC = 0.4286

SOFC (50 kW, full load),
electrical efficiency

ηelectrical,SOFC = 0.5299

SOFC (50 kW, full load),
heat to power ratio

H/P = 0.8088

SOFC auxiliaries consumption,
efficiency on electrical output

ηtrans = 0.9068

Exhausted gas temperature

105 °C

A SOFC exhausted gas analysis was performed and Table 2 shows the results of such
analysis. Note that sulphur formation in any form (such as SOx) is avoided thanks to the
desulfuriser. If gas mixture is condensed, then condensate may not include any acid. At fullload it is calculated that the humidity ratio (water mass versus dry air mass) is 0.342
kgwater/kgdry_air.
Table 2. Mass composition of SOFC exhausted gas at full load, gas temperature 105 °C.
Composition Gas percentage

Composition Gas percentage

N2

56.76%

Ar

0.59%

Water

24.37%

NO

0.00%

CO2

12.90%

SO2

0.00%

O2

5.37%

NO2

0.00%
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2.2 Heat pump
The heat pump plays an important role in the system. It recovers heat from exhausted gases at
(relative) low temperature. In the previous studies, the authors proposed ground source heat
pump for cold climates (such as in Denmark) [27] and air source heat pump for warmer
climate (for example Mediterranean climates) [28] to be coupled to the fuel cell system to
face the electricity and heating needs of a residential building. Usually GSHP are more
expensive compared to ASHP due to drilling costs and associated heat exchanger. On the
other hand, GSHPs have higher coefficient of performance (COP) because ground
temperature is usually constant (or assumed) during the year. Air temperature, instead, varies
between day and night times and month by month and therefore, ASHPs have variable COP
during the year, and is typically lower during colder periods. It is advisable to consider that in
climates where conditions with air temperature just above 0 °C (especially between 5 and 7
°C depending on the design of the finned coil) and relative humidity above 50 % are more
frequent, possibility of freezing of the outdoor heat exchanger (evaporator) may lead to a
decrease in seasonal performance of the heat pump (ice has poor heat transfer capability and
reduces available area for air and so air mass flow rate). For such a reason defrost of
evaporator section is periodically necessary. Defrosting can be performed by an auxiliary heat
source (electrical resistance or gas burner) or reversing the cycle. In any case, defrosting is
quite penalizing for the heat pump energy performance, as it increases its energy
consumption. In this paper the authors propose to mix the exhausted gases exiting the SOFC
(Figure 1 and point 1 in Figure 4) with outdoor air (point 2 in Figure 4) with the aim to
enhance temperature of inlet air at the ASHP evaporator (point 3 in Figure 4) in order to
prevent ice formation.
Heat pumps could be simulated using technical norms, for example UNI 11300-4 to consider
different working temperature at condenser/evaporator and using EN 14825 for partial load of
the heat pump in heating mode based on the studies of [34-36]. In this study, the authors
propose a regression of technical datasheet (Figure 2, Figure 3, and Table 3).

Figure 2. Technical datasheet, relation between nominal heating power and external air
temperature ([37]).
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Figure 3. Technical datasheet, relation between nominal COP and external air temperature
([37]).
Table 3. Nominal conditions of ASHP.
Parameter

Value
External Air 2 °C - Condenser
outlet Water 45 °C (A2W45)
7.7 kW
2.75

ASHP Nominal Condition
Pnom – Nominal heating power
COPnom – Nominal COP

As previously mentioned, when external air relative humidity is higher than 50 % and
temperature is just above 0 °C, freezing of evaporator may occur. Typically, freezing rate is
maximum when air temperature is around 7 °C. A frost factor is considered [38] as
multiplying penalty factor to decrease COP of the heat pump to take into account the periodic
defrosting. Reference proposes a value that is defined as a function of outdoor air temperature
(in the range of –10 to 10 °C) and relative humidity (in the range of 50-100 %): the penalty
factor is lower given a lower outdoor air temperature (up to values just above 0 °C), and the
higher relative humidity [38].
2.3 Adiabatic mixer and evaporator
The new issue proposed in this paper is mixing air with off-gases from the SOFC plant. The
aim is to increase air temperature at evaporator inlet as much as possible to avoid freezing of
evaporator and increasing the COP. Figure 4 represents the proposed air mixing system:
SOFC exhausted gases (point 1) and outdoor air (point 2) are mixed in an adiabatic mixer. In
some cases, humidity condensation may also occur (point 31). Mixture (point 3) is used in the
evaporator delivering heat to the ASHP and then is discharged (point 4). Humidity
condensation may occur also into the evaporator (point 41). It is supposed that no auxiliary
flow inducing system such as a fan is necessary: the head pressure available from the fan of
the heat pump model here referred (around 80 Pa) is supposed to be adequate to face the
pressure drop of the mixer (and of the ducts and evaporator).
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Figure 4. Air mixing system. Curves pointing down represent possible water condensation
after the air heat exchange respectively in the mixer (point 31) and the evaporator (point 41).
A mathematical model is proposed to describe the components of the system according to
equations regarding wet air proposed in [39]. Equations 2 describe the adiabatic mixer.
𝑚𝑚𝐷𝐷𝐷𝐷,1 + 𝑚𝑚𝐷𝐷𝐷𝐷,2 = 𝑚𝑚𝐷𝐷𝐷𝐷,3
⎧ 𝑚𝑚
𝐷𝐷𝐷𝐷,1 ∗ 𝑊𝑊1 + 𝑚𝑚𝐷𝐷𝐷𝐷,2 ∗ 𝑊𝑊2 = 𝑚𝑚𝐷𝐷𝐷𝐷,3 ∗ 𝑊𝑊3 + 𝑚𝑚𝑙𝑙,31
⎪
𝑚𝑚𝐷𝐷𝐷𝐷,1 ∗ ℎ1 + 𝑚𝑚𝐷𝐷𝐷𝐷,2 ∗ ℎ2 = 𝑚𝑚𝐷𝐷𝐷𝐷,3 ∗ ℎ3 + 𝑚𝑚𝑙𝑙,31 ∗ ℎ𝑙𝑙,31
⎨
𝑚𝑚
∗𝑊𝑊 +𝑚𝑚
∗𝑊𝑊
⎪
𝑊𝑊3 = min � 𝐷𝐷𝐷𝐷,1 𝑚𝑚1 𝐷𝐷𝐷𝐷,2 2 , 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,3 �
⎩
𝐷𝐷𝐷𝐷,3

Eq. (2)

It is imposed:
- conservation of dry air mass (𝑚𝑚𝐷𝐷𝐷𝐷,1 , point 1), dry exhausted gases (𝑚𝑚𝐷𝐷𝐷𝐷,2 , point 2)
and dry air mixture (𝑚𝑚𝐷𝐷𝐷𝐷,3, point 3);
- conservation of water mass flow rate. 𝑊𝑊1 , 𝑊𝑊2 , 𝑊𝑊3 are respectively the humidity ratio in
points 1, 2 and 3, 𝑚𝑚𝑙𝑙,3 is the liquid mass flow rate in case of humidity condensation in
the adiabatic mixer;
- conservation of energy. ℎ1 , ℎ2 , ℎ3 are respectively the specific enthalpy in 1, 2, 3, the
values depend on air temperature and humidity ratio. ℎ𝑙𝑙,3 is the enthalpy of condensate
water.
𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,3 is the humidity ratio in state 3 in saturation condition, depending only on air
temperature in 3 (total pressure is assumed to be 101325 Pa). If 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,3 is lower than weighted
average of humidity ratio in states 1 and 2 condensation occurs.
Equations 3 describe the evaporator.
𝑚𝑚𝐷𝐷𝐷𝐷,3 = 𝑚𝑚𝐷𝐷𝐷𝐷,4
𝑚𝑚𝐷𝐷𝐷𝐷,3 ∗ 𝑊𝑊3 = 𝑚𝑚𝐷𝐷𝐷𝐷,4 ∗ 𝑊𝑊4 + 𝑚𝑚𝑙𝑙,41
𝑚𝑚
∗ ℎ3 = 𝑚𝑚𝐷𝐷𝐷𝐷,4 ∗ ℎ4 + 𝑚𝑚𝑙𝑙,41 ∗ ℎ𝑙𝑙,41 + 𝑄𝑄
⎨ 𝐷𝐷𝐷𝐷,3
𝑊𝑊4 = min�𝑊𝑊3 , 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,4 �
⎩
⎧

Eq. (3)

It is imposed:
- conservation of dry air mixture mass. 𝑚𝑚𝐷𝐷𝐷𝐷,3 , 𝑚𝑚𝐷𝐷𝐷𝐷,4 are respectively the dry mass flow
rate in states 3 and 4;
- conservation of water mass. 𝑊𝑊3 , 𝑊𝑊4 are the humidity ratio values respectively in 3 and
4, 𝑚𝑚𝑙𝑙,4 is the liquid mass flow rate in case of humidity condensation in the evaporator;
- conservation of energy. ℎ3 , ℎ4 are respectively the specific enthalpy in 3 and 4, they
depend on air temperature and humidity ratio. ℎ𝑙𝑙,4 is the enthalpy of condensate water
and 𝑄𝑄 is the heat absorbed by the refrigerant at the heat pump evaporator.
𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,4 is the humidity ratio in 4 in saturation condition, depending only on air temperature in
4. If 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠,4 is lower than humidity saturation in state 3 condensation occurs.
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The heat pump is expected to increase its performances because of the higher air enthalpy at
the evaporator inlet. This is due to both the higher temperature and the higher humidity ratio
(both sensible and latent terms contribute to the enhancement of enthalpy due to the adiabatic
mixer).
3. SIMULATION OF THE SYSTEM
A steady-state analysis is performed with the aim of studying the energy performance of the
system at different operation conditions. The analysis is performed by varying the dry bulb air
temperature from –7.5 °C to 15 °C with a step of 2.5 °C, relative humidity from 25 % to 100
% with a step of 25 %, and SOFC nominal electric power from 20 to 50 kW (step of 10 kW).
For the sake of brevity, only two couples of values, namely outdoor air relative humidity and
SOFC nominal electric power, are presented in next section 4 to compare very different
situations: 25 % - 20 kW, and 100 % - 50 kW. Varying SOFC nominal electrical power is
advisable because it affects the exhausted gases flow rate entering the adiabatic mixer. A 6
kW nominal heating power ASHP is chosen in order to have consistent mass flow rates
between heat pump evaporator and SOFC.
The simulations allow to calculate air temperature at the evaporator outlet (point 4 in Figure
4), as well as the COP of the heat pump. The main aim of the proposed system is to increase
the COP of the ASHP. As previously mentioned, COP is a function of air temperature and
relative humidity. A high value of the latter is useful to improve the COP because of the
condensation of latent heat that increases the heat exchange inside the evaporator, under
assumption that the finned coil surface temperature is not below 0 °C. Unlike, frost may grow
in the fins reducing heat exchange between air and refrigerant. As already cited in section 2.2,
this may occur more frequently when air temperature in the evaporator inlet is between 5 °C
and 9 °C. In such case, a defrost factor has to be considered [40] to take into account the
penalization of COP due to periodic defrosting of the evaporator with finned coil (e.g. by
reversing the cycle). Analysis of COP variation between a traditional ASHP (without the
adiabatic mixer) and the current system is performed and presented for four very different
representative cases by a combination of external air relative humidity and SOFC nominal
power (25 % - 20 kW, 25 % - 50 kW, 100 % - 20 kW, 100 % - 50 kW) (Equation 4):
𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = � 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝑠𝑠 − 1� ∙ 100
𝐶𝐶𝐶𝐶𝐶𝐶

Eq. (4)

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑠𝑠𝑠𝑠𝑠𝑠

COPvariation higher than 0 (zero) means that the current system has a higher COP than the
traditional one, and therefore ASHP performs better.
Analysis on primary energy saving (%PES) is also proposed, wherein the innovative system is
compared with a traditional one with separate production of heat (boiler) and electricity
(national grid) in terms of primary energy (PE). Considering that the system here proposed
has a net available electricity generation Eava (that is the difference between SOFC net electric
power and ASHP consumption) and a heat generation Hava (that is the sum of heat
cogenerated by SOFC and generated by ASHP), %PES benchmark is defined as (Equation 5):
%𝑃𝑃𝑃𝑃𝑃𝑃 = �1 −

𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠𝑠𝑠𝑠𝑠
𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑠𝑠𝑠𝑠𝑠𝑠

� ∙ 100 = �1 −

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
+
𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

� ∙ 100

Eq. (5)

where FSOFC is the fuel (primary energy) consumption of SOFC, ηele is the global electric
efficiency from grid (assumed to be 0.435), and ηboiler is the efficiency of boiler for heat
production (assumed to be 0.9). Such a definition is consistent with that of the primary energy
8

saving of cogeneration systems as referenced in the 2012/27/EU Energy Efficiency Directive
[41] and Directive 2004/8/EC on promotion of cogeneration [42].
4. RESULTS AND DISCUSSION
Main results for the representative cases described in previous section 3 are here reported in
terms of evaporator outlet temperature, Coefficient Of Performance and Primary Energy
Saving of the proposed system.
4.1 Evaporator outlet air temperature
Firstly, the difference in evaporator outlet temperature (airside) between an ASHP standalone
(only ASHP) and ASHP-SOFC integrated system is outlined (Figure 5). In both cases
considered as previously described (case 1: 25 % - 20 kW, and case 2: 100 % - 50 kW),
temperature at the evaporator outlet is higher in the ASHP–SOFC system because of the
positive effect of high temperature of the exhausted gases from SOFC. The higher the SOFC
electric power, the higher the temperature difference between the two systems is found to be.
The reason is due to the increasing of airflow rate. For example, at 0 °C external air
temperature T4 is 3 °C higher with ASHP-SOFC system with respect to ASHP only in case 1,
whereas at same conditions T4 is 10 °C higher in case 2.
Even if the increasing of temperature of discharged gases (point 4, Figure 4) is proved, COP
may increase or not. If evaporator temperature is between –7.5 °C and 10 °C and relative
humidity is higher than 50 %, then the frost factor shall be considered, which can affect the
energy performance of the heat pump.

Figure 5. Evaporator outlet air temperature (T4) in function of external air temperature (T2) in
the two cases (air relative humidity - SOFC nominal electric power). Case 1: 25 % - 20 kW;
Case 2: 100 % - 50 kW.
4.2 Coefficient of Performance
Figure 6 compares the COP of the presented system with that of an ASHP only, considering
the two very different cases previously described: low external air relative humidity with low
SOFC nominal electric power (respectively 25 % and 25 kW), and high external air relative
humidity with high SOFC nominal electric power (respectively 100 % and 50 kW). It is
apparent that the system proposed here is not always advantageous. The latent heat
contribution of SOFC exhausted gases may be greater than the sensible one and therefore
more frequent defrosting is requested when air temperature is in the critical range (5–9 °C as
9

already stated). The higher weight of the frost factor may decrease the COP of the innovative
system. For low humidity and low power (case 1), the proposed system has lower COP than
traditional one when external air temperature is lower than about 8.5 °C, ranging from 2 to 3
for ASHP only and from 1.7 to 3 for ASHP-SOFC. However, in the case of 100 % - 50 kW,
the higher exhausted mass flow rate (due to the higher electrical power) allows COP of the
proposed system to be always higher (between 2.1 and 4.8) than COP of the traditional
system (between 1.7 and 4).

Figure 6. COP in function of external air temperature (T2) in the two cases (air relative
humidity - SOFC nominal electric power). Case 1: 25 % - 20 kW; case 2: 100 % - 50 kW.
Figure 7 depicts COPvariation with varying outdoor air temperature for four very different
representative cases by a combination of external air relative humidity and SOFC nominal
power. COPvariation is influenced by:
- inlet air relative humidity. Given a fixed amount of SOFC power, COPvariation
increases with increasing relative humidity of the air. According to Figure 7, the
present system with 20 kW SOFC nominal power has a COP lower than the traditional
one (COPvariation is lower than 0) at 0 °C and 25 % external air condition. COPvariation
becomes positive if inlet air has higher relative humidity (e.g. 100 %);
- SOFC electric power. The higher the SOFC power, the higher the mass flow rate of
exhausted gases, so the higher the temperature of the gases at the outlet of the
adiabatic mixer. This parameter has a strong effect on system performances. Figure 7
shows that for inlet air temperature equal to 2.5 °C COPvariation increases from 30 % up
to 110 % when considering a SOFC power of 20 kW and 50 kW, respectively.
The main conclusion of this reasoning is that the adiabatic mixer has a positive effect on the
heat pump COP when outdoor air has a high relative humidity and when SOFC electric power
is high. When SOFC power is 50 kW, COP of heat pump is always improved by the mixer. If
a 20 kW SOFC is used, then the present system has a higher COP only when relative
humidity of the inlet air is close to 100 %.
Figure 7 shows another interesting aspect of the system in which the higher air relative
humidity and SOFC power, the lower air temperature at which maximum COPvariation occurs.
If inlet air temperature is above 12.5 °C, the adiabatic mixer is not useful at all.
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Figure 7. COP variation varying the external inlet air temperature for four very different cases
in terms of SOFC nominal power and air relative humidity.
4.3 Primary Energy Saving
As previously mentioned, %PES is defined to quantify energy saving from the proposed
system and compared to the traditional solution (system). Figure 8 depicts %PES as a
function of the outdoor air temperature for the same four different cases as in Figure 7 (very
different cases but representative). The proposed system allows a primary energy saving in
the range of 37.5 % – 45 %. The system with relatively small SOFC power presents lower
%PES compared to the case with relatively high SOFC power, only for temperature below 2.5
°C and when relative humidity is low (25 %). Such critical value of air temperature decreases
to 0.5 °C when humidity is high (close to 100 %).

Figure 8. Primary energy saving varying the external inlet air temperature for four very
different cases in terms of SOFC nominal power and air relative humidity.
Note that the higher the relative humidity, the higher %PES in the given temperature range of
T2 (dotted lines are always above continuous lines in Figure 8). It is also worth to note that
11

primary energy saving depends also on the partial load operation of SOFC. This is due to
variation of power ratio, and thereby the efficiency of SOFC.
5. CONCLUSIONS
In this study, a cogeneration system based on SOFC fed by natural gas (producing both
electricity and heat) and ASHP with an advanced heat recovery system (to increase overall
heat production) is analyzed. Outdoor air entering the evaporator of heat pump is mixed with
exhausted gases from the SOFC plant with the aim of increasing evaporator temperature and
thereby reducing possibility of freezing. Such conditions allow increasing the coefficient of
performance for the heat pump.
Simulations are performed varying the external air temperature, air humidity and SOFC
nominal power. Thermodynamic analysis shows that in some cases the effect of mixing the
exhausted gases with air is negative: when SOFC electric power is lower in comparison to its
nominal power (50 kW) and/or inlet air has a low relative humidity, COP decreases up to 35
%. Instead, COP increases up to 100 % when SOFC electric power is close to its nominal,
and/or inlet air has a high relative humidity. A comparison based on primary energy
consumption between the system proposed here and a traditional one with separate production
(electricity demand is covered by the national grid and heat demand is produced separately by
a boiler) proves that significant savings can be achieved (between 37.5 % and 45 %).
Results of the present research work show that ASHP performance could be increased
considerably during cold season for climates with high relative humidity. Such results
quantify the coefficient of performance and primary energy saving of the SOFC-ASHP
integrated system, giving the base for a further study of an energy scenario where distributed
energy generation is proposed, especially for household application. Similar studies can be
carried out considering air temperature and air humidity distributions for different climates in
order to quantify energy saving for different areas.
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