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In this paper, a new multi-objective technique has been proposed for optimal analysis of three different
candidate heat pump solutions including the vapor compression cycle (VCC), trans-critical R744 cycle,
and Peltier device to determine which one gives the best configuration and better performance on a
hybrid heat pump and fuel cell-based micro-CHP system. Here, a sunflower optimization algorithm is
utilized to provide two different objectives: minimizing the combined yearly maintenance and capital
costs and maximizing the performance of the hydrogen energy consumption. Simulation results show
that using the VCC, according to its efficient and low-cost characteristics for cell stack and lithium
battery maintenance, gives the best solution for the presented hybrid system.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Nowadays, energy has been turned into one of the most strate-
gic need for the humankind such that its supply has become to
a most pressing concern in the world (Infield and Freris, 2020).
Looking at the depleting status of fossil energy sources on the
one hand and the detrimental effects of this type of energy
on the environment, on the other hand, determine the impor-
tance and necessity of optimizing energy production methods
and converting fossil fuels (Tian et al., 2019; Bagal et al., 2018;
Eskandari Nasab et al.,, 2014; Ahmadi et al., 2016a). Electricity, as
one of the most important parts of energy, has a great impact
on the energy basket of every country, and a large amount of
it is supplied worldwide through the conversion of fossil fu-
els (Hosseini et al., 2011, 2012). Therefore, due to the limitation
of fossil fuel resources, the issue of controlling energy costs,
reducing the effects of conversion and energy consumption on
the environment, reducing waste and improving the efficiency of
thermal power generation is of high importance (Cao et al., 2019;
Ghadimi and Firouz, 2015; Ghadimi and Ojaroudi, 2014; Ahmadi
et al., 2016b).

Electricity generation coupled with the use of heat gener-
ation is a rapidly developing method that increases efficiency
and reduces overall losses (Sahraie et al.,, 2015; Ahmadi et al,,
2015). This is generally referred to as a Combined Heat and
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Power source (CHP) system. CHP technologies have reduced en-
vironmental emissions in the building sector and are now widely
used. The CHP can potentially improve energy supply security and
supply system reliability. On the other hand, CHP is a versatile
technology, capable of supplying electricity and heat. The CHP
systems come in a variety of sizes, from large ones used to
generate electricity and heat of a city to small units that can
serve a home. The new CHP boundary is in small residential
buildings (Ahmadi et al., 2017). Many manufacturers are develop-
ing Micro-CHP (mCHP). These small power plants have electrical
power of 1 to 15 kW and recovered the heat of 1 to 20 kW. These
generators use various technologies as energy converters. Fuel
cells are new technologies that can be utilized in mCHP systems.
The fuel cell directly generates electrical energy from chemical
energy and its efficiency is much higher than that of internal
combustion engines (Mascuch et al., 2020). All components of
fixed fuel cells and cells have no moving parts. The lack of moving
parts makes the fuel cell work quietly (Ronaszegi et al., 2020;
Mehrfeld et al., 2020). Their durability and reliability are also
high, and pollutants such as nitrogen oxides and sulfur oxides
are close to zero in the fuel cell. Potential fuel cells have a higher
energy density than batteries and can be fed quickly and easily.
Therefore, the use of fuel cells in these systems can be very
significant (Yu et al., 2020).

Nonetheless, the design of a fuel cell-based micro-CHP (FC-
mCHP) system is a complicated problem due to the several pa-
rameters of the system that impact its efficiency such as the
energy management strategy (EMS) and component sizing to

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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achieve the minimum real-time energy consumption. Several re-
search works have been performed for solving this problem (Liu
et al., 2016; Rosli et al., 2017). Chang et al. (2017) presented a hy-
brid residential FC-mCHP and solar energy. The system generally
contained three subsystems including PEMFC, organic Rankine
cycle/domestic hot water (ORC-DHW), and vapor compression
cycle (VCC). The performance of the Hybrid CCHP system was
studied both in winter and in summer. The final results de-
clared that the average performance of the system in winter and
summer are 85.0% and 75.4%, respectively.

Bornapour et al. (2017) presented optimal scheduling for a
hybrid PEMFC-mCHP, photovoltaic (PV), and wind turbines (WT)
with considering uncertainties. A developed firefly algorithm was
utilized to solve the optimization problem by considering the
uncertainties in solar radiation, wind speed, and electricity mar-
ket price. The optimization process is performed by considering
the average energy not supplied (AENS), emission, and profit
maximization as cost functions.

Romdhane et al. (2018) investigated the efficiency of an eco-
neighborhood PEMFC-mCHP in France. The study modeled the
overall system and validated the model base on empirical data.
Then, the impact of various input parameters like relative current
and humidity density and the PEMFC input pressure on micro-
CHP was studied. The analysis was performed by calculating two
operational strategies for two scenarios: the first scenario was
about a residential house including a micro-CHP system along
with a 1 kW PEMFC stack, and the second scenario includes a
micro-CHP system based on a 5 kW coupled PEMFC stack with
three groups of houses. The final results were analyzed and were
compared with the traditional system based on gas-fired boiler
connected to the grid to show the system efficiency.

Adam et al. (2018) introduced a model for the integration of a
PEMFC micro-CHP system for a residential building. To achieve an
optimal model for designing the PEMFC fuel cell micro-CHP sys-
tems, MINLP (mixed-integer non-linear programming model) was
utilized. Dwelling’s energy demand was considered to generate
more general results to optimize the micro-CHP unit and the total
system. The study also showed that heat emitter temperature
constraints have a direct impact on the optimum design and
operation of the system.

The main idea in this study is to present a new optimiza-
tion technique to do a multi-objective comparative analysis on
different candidate heat pump technologies to select the best
configuration for a fuel cell micro-CHP. The objectives of opti-
mization are to maximize the efficiency of the hydrogen energy
consumption and to minimize the economic cost of the system.
The overall novelties of the proposed method are detailed below:

- Using multi-objective optimization for analyzing the FC-
CHP System.

- Using sunflower optimization algorithm for solving the
optimization problem.

- Selecting an optimal selection of the heat pump configura-
tion in a hybrid FC-CHP system

- Using system cost and also primary energy consumption
efficiency for the system optimization.

- Analysis of all the heat pumps independently based on
applying them into the FC-CHP system.

In the following, Section 2 illustrates the overall structure of
the study, Section 3 talks about mathematical modeling of differ-
ent components of the system, Section 4 represents the system
efficiency calculation and validation of the model, Section 5 is
about the analyzing the proposed model, Section 6 describes the
final simulation results and discussions and the paper has been
concluded in Section 6.
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Fig. 1. The block diagram of the studied fuel cell-based micro-CHP system.

2. The system overview

The proposed system includes a configuration including the
PEMFC based micro combined heating and power source. Here,
the water tank absorbs its required heat from the electrochem-
ical waste heat of fuel cell (FC) stack and the heat pump (HP),
cooperatively. For improving the sustainability guaranteeing, the
water tank and electric battery have been employed as thermal
and electrical energy storage components, respectively. Where,
the water tank and the electric battery compensate the heat rate
and the power consumption (generation) differences, respectively
among the power load (P,qq), HP, and FC stack. Fig. 1 represents
the block diagram of the presented fuel cell-based micro-CHP
system.

Fig. 1 shows that the heat value for all the components, such
as Q;, Qq, and Qrc can be negative or positive values as the
components can be heated up or cooled down. An optimization
technique is then performed to minimize the hydrogen energy
consumption and also to the energy balance of the micro-CHP
system. This is done by tuning the HP output heat Qy and FC stack
operating power Prc for controlling the water tank temperature
and battery state of charge (SOC) against the desired reference
values. The demand load (Pp.q) is considered for developing the
Prc response toward the scenarios including large Piq.q values.
Fig. 2 shows the model of the thermoelectric component.

In the following, the detailed equations of the system have
been proposed.

3. The system modeling

In this section, the mathematical modeling of the system
components has been described. Before starting the modeling, for
simplifying the models, some assumptions have been considered
as follows:

- The water temperature in the storage tank is assumed to
be equal by the hot side temperature of the HP device.
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- The temperature of the water in the ambient environment
is considered equal by the cold side temperature of the HP
device.

- The wasted heat derived from FC stack walls, water tank
walls, and pipe connections has been neglected in the
simulations.

- The impact of a conditional liquid cooling circuit to inter-
face the HP device, water tank, and the FC stack together
is neglected.

- The thermal waste heat in the compressor wall has been
neglected (Nawaz et al., 2018).

- The only loss in the compressor for the trans-critical R744
cycle or vapor compression cycle which has been
accounted for the modeling is isentropic efficiency (Wang
et al,, 2018b).

- Power electronic devices’ losses have been neglected.

3.1. The mathematical model of the fuel cell

The principal model of the output voltage of a single fuel cell
is mentioned as follows (Haghighi and Sharifhassan, 2016; Corréa
et al., 2004; Aouali et al., 2017):

Vour = Nnc (Eoc — Eqet —Eg — Eops) (M

where, N,. determines the number of FC stack cells which are
connected in series, E,; describes the activation polarization loss,
E,c represents the open circuit potential condition per cell, Eg is
the Ohmic voltage drop in the cells, and E,ps represents the over-
potential saturation in the cells (Aghajani and Ghadimi, 2018; Liu
et al.,, 2017).

In the above equation, the open-circuit voltage of the fuel cell
stack is in standard temperature (25 °C) and pressure (1 atm) is
obtained as follows (Gollou et al., 2017):

Eoe = 1.3 — 85 x 107> (Tpgy — 298.15)

+4.31 x 107> x Tpgy x In (PH2\/P02> (2)
where,
_ ( 1.635Ipgyg /A ) 5
Py, =P xe T3y ) [Rhc X PHZO] (3)
7( 1.635]PEM/A) 5
Pu, = 0.5 x Py x e \T" e ) — [Ryg x Puyo] (4)
10g19 (Pi,0) = 0.03 x (Tpey — 273.15) — 9.18 x 107°T7
+1.4x107'T} — 2.18 (5)

The optimal mathematical model for the activation over-
potential is as follows (Cao et al., 2019):

Eq = — [—0.89 4 3.42 x 107> x Tppyy 4 7.76 x 107°
xTpem In (Co,) — 9.55 x 107> x Tpey In (Ipemr) | (6)

where, Co, represents the saturation value of the O, in the cat-
alytic (mol/cm?) and is modeled as follows:

498
Co, =2 x Pg, x 1077 x eTrem (7)

And the saturation value of the H, in the catalytic interface
(mol/cm?) is modeled as follows:

=77
C, = 9 x Py, x 1077 x eTrem (8)

The Ohmic voltage drop of the cells is obtained as follows:
Eq = Ipgm X (R + Ruc) 9
where (Wang et al., 2018b),

Rn=1x% pym xS (10)

Ambient Air
Cooling

| 5
~om JIAIIIII)

Qu
Coolant Fluid

Fig. 2. The general model of a thermoelectric device.

2 25 T —303
181.6 x [0.062 (T%) (’P%) 1003 (M) N 1] o ()

N
n= [13 - 0.063 -3 (%2t )]

(11)

And the optimal value for the over-potential saturation (Eqps)
in the cells based on (Wang et al., 2018b) is as follows:

Egps = 0.05 x In (L - 1) (12)
max

where, Tpg) represents the operating cell temperature, Ipgy repre-
sents the operating current of the fuel cell, S represents the area
of the membrane, Po,, Py, and Py, is the partial pressure of the
0,3, Hy, and H,0, respectively, P. and P, are the inlet pressure for
the cathode and the anode, Ry and Ry, are the relative humidity
of the vapor at cathode and anode, respectively, Cy; and Co
describes the saturation of the H, and O, (mol/cm3), R, and
R, describe the connections resistance and the membrane resis-
tance, I is the membrane thickness, p,;, determines the membrane
resistivity, J is the density of the real current, and J, represents
the maximum value of J.

Therefore, the operating electrochemical performance is de-
termined as follows:

0.67 X Vot
_ 13
Ulie Ny x E (13)
where, E is the instantaneous stored energy.
Finally, the produced waste heat is achieved as follows:

1
Qrc = Prc (* - 1) (14)
TFc
All the thermodynamic characteristics of the studied PEMFC
are extracted from Wang et al. (2018b).

3.2. The model of heat pump device

The heat pump in this study contains three main parts in-
cluding the Peltier device, trans-critical R744 cycle, and vapor
compression cycle. In the following, the mathematical model of
the components has been explained.

(A) model of a Peltier device

By assuming the steady-state conditions, the portion of the
energy flow in a unit associated with thermoelectric devices is
formulated as follows (Mirzapour et al., 2019):

do dr , d dT
Tx]x——i—rx]xa—px]—— kx—]=0 (15)

dx dx dx

where, ] represents the density of the electric current, T describes
the absolute temperature, t describes the Thomson coefficient, o
defines the coefficient of the Seebeck, k is the material thermal
conductivity, and p describes the electrical resistivity.
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Table 1

The features of TEC1-12712 Firouz et al. (2016).
Parameter Value Unit
Rated power (W) 118 w
Number of thermocouples 126 -
The length of thermocouple (1) 1.9 mm
Cover plate area 5x5 cm?
Area of the thermocouples (A) 14x 14 mm?

4
<
) Condenser

liquid
vapour heat
exchanger

Compressor
Valve

Evaporator

Fig. 3. The schematic of the vapor compression refrigeration cycle.

Consider the thermoelectric device with a couple of two an-
tithetic semiconductors by assuming averaged transport charac-
teristics. Then, for the N arm:

d*T dT 5
kn— —tnxX] X —4+pyx]J =0 (16)

dx? dx
where, the index N shows the averaged characteristics.

By considering the reverse direction of the current, the above
formulation can be extended to the P arm. The heat flow at the
junction of two opposite conductors at the hot side and cold side
are as follows:

Qn=axTyxI—-05x1,; xIx AT

+0.5 x I? X Ry — Ky x AT (17)
Q=axT, xI+05x 1, xI xAT
— 0.5 % I2 X Ry — Ky x AT (18)

where, the index m shows the averaged characteristics.
In this condition, the electrical power is formulated as follows:

Po=0Q—Q=ax (Ty—T) xI —1ty xIx AT +1?> xRy, (19)
And the voltage of the thermoelectric terminals is as follows:
Vo =a x (Th —T;) +1 x Ry (20)

The model of the studied Peltier Module here is TEC1-12712.
Table 1 illustrates the features of this module in the study

(B) Model of a vapor compression cycle

By assuming the steady-state cyclic operation and the cycle
diagram of vapor compressor refrigeration in Fig. 3, the T-S and
P-S cycle diagram is presented in Fig. 4(a) and (b), respectively

Based on Fig. 3 and the thermodynamics first law with the fact
that the internal energy variation is zero for a cyclic process,

Quo +Qi5" = (Qer + Q%) — (W + Q%) = 0 =

where, Qc, describes the condenser heat rejection ratio (kW), chgss
represents the hot refrigerant heat leak ratio (kW), Q., describes
the absorbed heat by the evaporator ratio (kW), Q1 is the heat
leak ratio from the ambient to the cold refrigerant (kW), W
represents the compressor input power (kW) and Q‘fﬁss describes
the compressor shell to ambient heat leak ratio (kW).

The required electrical energy for the compressor is achieved

as follows (Hamian et al., 2018):
W = m; (hs — hy) (22)

where, m, describes the refrigerant mass flow rate.
The rate of heat absorbed by the evaporator can be formulated
as follows (Hamian et al., 2018):

Qe = (& X C)gy x (Tey — Ter) = mr x (hy — h3) (23)

where, C represents the external fluids capacitance ratio, & de-
scribes the impact of the heat exchanger, T" describes the in-
let temperature of the evaporator coolant, h describes the spe-
cific enthalpy of the refrigerant at state point, T,, describes the
evaporator refrigerant temperature.

Similarly, for the condenser, we have:

Qoo = (€ x O)p x (Tl — T%) = m, x (hs — hy) (24)

where, T, describes the refrigerant temperature in the condenser
and T/ represents the condenser coolant inlet temperature.

The COP in this condition can be considered as the refrigerat-
ing impact on the network input as follows:

COP = Qgp/W (25)

(C) Model of a trans-critical R744 cycle

R744 (carbon dioxide) is one of the environment-friendly so-
lutions to prevent the high effects of the typical refrigerants
which are employed as natural refrigerants (Leng et al., 2018).
To make sure that a suitable comparison including the same
thermodynamic conditions is obtained between the vapor com-
pression cycle and the R744 cycle which contains the setting of
the condenser and evaporator outlet temperatures (T3 and T1) to
equal the stored water temperature by the ambient temperature,
respectively.

Nevertheless, the concept of the trans-critical R744 cycle rep-
resents that various thermodynamic impacts are included and a
developed mathematical model is important. In addition, based
on the Ref. Nawaz et al. (2018), trans-critical R744 cycles give
an optimal COP according to the conditions at the condenser and
evaporator. The pressure of discharge in the optimal compressor
is related to the cycle of the highest temperature. That is why the
term Sy is introduced here to determine the degree to which T3
(the temperature at point 2) is greater than T, (upstream of the
evaporator):

T3 = SH X T4 (26)

where, Sy > 1 to satisfy the T3 > T, requirement.

After evaluating the enthalpy of all points in the trans-critical
R744 cycle, required compressor power, the appropriate R744
mass flow rate, and total heat absorbed by the evaporator are
given in Egs. (22), (23) and (25).

(D) Model for electric heating

Electric heating is the process of generating heat energy from
electrical energy. The electrical resistor is the main component of
the heating element inside every electric heater. This process is
performed based on the principle of Joule heating. Alternatively,
the heat pump utilizes an electric motor to do the refrigera-
tion cycle which draws heat energy from the original source
and transforms the generated heat to the required place. By
neglecting the heat loss, the heat generation (Qy) is equal to
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Pressure(kPa)

Specific Enthalpy (kJ/kg)

(A)

A

Temperature (°C)

S}

6 1

Specific Enthalpy (kJ/kg)

(B)

Fig. 4. A simple example of the thermodynamic cycle on (A) pressure-specific enthalpy and (B) temperature-specific enthalpy diagram for R134a fluid.

the consumption value of the electric heater’s electricity (Pyp).
In this condition, by assuming the ambient sourced heat as zero
(Q. = 0), in accordance with the electric heating method, the heat
pump has been effectively replaced in the FC-mCHP system. In
this study, the power of electric heating required in the system is
provided by the battery and fuel cell. The operating electric heater
here is equivalent to a heat pump that has a heating COP equal
to 1 and a cooling COP equal to 0.

3.3. The mathematical model of the electric battery

Electric batteries are a set of one or more cells that generate
chemical reactions of electrons in a circuit. These components are
modeled as kinds of energy storage devices which contain a speci-
fied value of maximum storage capacity (Emax) and stored energy,
E. The total power flows in and out of battery are dynamically
used for changing the stored energy. The power of the battery
based on Fig. 1 is formulated below (Akbary et al., 2019):

dE
dt
where, Piy,q describes the demanded electric power from the
user.

And the SOC of the battery based on (Akbary et al., 2019) is as
follows:

= Prc + Pup — Proad (27)

SOC = (28)

Max

3.4. The method of EMS

The EMS (Energy management strategy) is an algorithm for
ensuring a balanced energy level in the storage elements along-
side applying a real-time controlling for the Qy and Prc toward
the user’s energy demands satisfaction. Here, Qy is calculated
as a function of battery SOC and Prc is calculated as a function
of the fuel cell temperature. The pseudo-code of the control
configuration for selecting the amount of Qq and P is given
below (Akbary et al., 2019) (see Fig. 5):
where,

_ PFC,max - PFC,min
" SOCiin — SOCnax
Therefore, based on the above figure, there are two main
purposes: the purpose of the Qy is to keep the stored water tem-
perature (T, ) close to the desired reference range. In addition, the
objective of the Pk is to keep the battery in its SOC limitations.

(29)

At last, the value of the Pyp is achieved based on the reference Qy
value.

4. System performance evaluation and validation

Hydrogen Energy can be transformed into free electricity with
the help of Fuel Cell technology. Hydrogen is always known as a
perfect fuel. There is a large amount of hydrogen in the ground
(for example in water) and can be used as fuel. Burning hydrogen
is not only harmful but also quite beneficial to nature. Hydrogen
never runs out. However, hydrogen is not primary energy such
as oil or coal. But like electricity, it is a carrier of clean energy.
Hydrogen is very suitable for long-distance storage and transport.
Creating transmission lines, of course, is quite expensive and
costly.

In this study, for the analysis of the studied FC-mCHP, the
efficiency of hydrogen energy consumption has been provided.
This indicator shows the proportion of the total energy con-
sumption and the total energy stored by the system toward the
total energy that is stored internally in the consumed hydrogen
fuel. Therefore, the efficiency of hydrogen energy consumption is
achieved as follows:

_ f(;e (Proad + Qroad) dt + CowCp(w) (T (te) — T (0)) + Epax (SOC (te) — SOC (0))
Viyg x CHZ

H2
(30)

where, t. describes the end time of simulation, Co,, determines
the total water consumed, C,) represents the specific heat ca-
pacity (J/ (kg K)), Vi describes the lower heating value of the
H, and is assumed 120 MJ/kg, and Coy, is the total consumed
hydrogen and is as follows:

te
Cow = / g, dt (31)
0

Another indicator that is utilized here for the FC-mCHP system
improvement is the economic cost of the system. To do so, in this
study, the ongoing maintenance cost (Cy;) and the initial capital
cost (G;) have been employed, i.e. the total economic cost is:

Cr=Y (Cu+C) (32)
where,

G=0Cy (33)
Cw = G/Cy (34)
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Start
For Qy
if T, < Tr_min Qg = 1000 + Qpoaa — Qrc
else if Ty > Ty max Qu = —CQrc
else Qy[q + 1] = Qulq]
For PFC
ifSOC = 12Prclqg+1]1 =0
ClSe lfSOC S SOCan or PLoad 2 1-5PFC_max9PFC[q + 1] = PFC_max
else if SOCp;n < SOC < SOCpax 2 Prclq + 1] = m(SOC — SOCpin) + Pre max
else Prclq + 1] = Prclq]
End
Fig. 5. The pseudo-code of the control configuration for selecting the amount of Qy and Pgc.
Table 2 o and compared with fluid R410a by Park et al. under identical
The cost of C, utilized in the present study. : thermodynamic conditions. To achieve a fair comparison with the
Component Cost (in USD) previous work (Park et al., 2015), identical values of the variables
Compressor 0.042/W have been extracted from Park et al. (2015) as follows:
Expansion valve 0.082/W
Electric heater 0.022/W °
Battery $0.22/Wh - The condenser temperature fixed at. 4?.15 C )
The heat pump (type 1) 3.96Nzy - The temperature of the evaporator is in the range [—30 °C,

Fuel cell stack $5247.11/kW

where C, is the cost based on per unit size value and s. describes
the component size, and C; determines the component yearly
replacement cost. Table 2 illustrates the utilized C, values used
in this study. The costs of these components have been gathered
from commercial websites such as Alibaba, Taobao, and eBay.

The model of parameter C, for the components that have been
achieved by the empirical results of the literature review and are
given in the following.

For the heat pump, based on the (Ebrahimian et al., 2018), the
air conditioning component has a lifetime of 10 years and for the
thermoelectric heater, the lifetime has been assumed infinitely.

For the lithium-ion battery (Khodaei et al., 2018), the lifetime
formula based on is as follows:

Cy(battery)_ max (35)
f(l — S0C) x |SOC|dt

where, Cywpattery). max = 10,000, and the term (1 — SOC) deter-
mines the depth of discharge.
And for the fuel cell, the lifetime formula based on (Chen et al.,

2015) is as follows:
C = av (36)

YEO = Uity + Uoty
where, Uy = 8.7 uV/h and U, = 11 uV/h is the rate of
degradation in the best state of the fuel cell which defines the
time that the fuel cell works at less than half of its rated power.
U, = 11 wV/h is the rate of degradation when the fuel cell gives
high power which is happened when the fuel cell operates at
more than half of its rated power.

Cy(battery) =

5. Model analysis

Here, the COP results of the vapor compression cycle and
trans-critical R744 cycle and the models have been validated

10 °C]

- The evaporator reference temperature for the heat pump
fixed at 10.15 °C

- The gas cooler temperature is considered varied.

Fig. 6(A) shows the trans-critical R744 cycle validation and
Fig. 6(B) shows the vapor compression cycle validation for the
performed simulation and the work by Park et al. (2015).

As can be observed from Fig. 6, for both the trans-critical R744
cycle and vapor compression cycle, a clear deviation occurs in the
COP results during the small temperature differential values of
the condenser and evaporator (like —253.15 °C). In a reverse way,
the COP converges into almost identical trends and values.

The reason for the deviation of the COP results in the lower
temperature is the inaccuracy associated with the heat transfer
and compressor performance effects. Nonetheless, due to using
a larger condenser to evaporator temperature differences in this
study, the trans-critical R744 cycle and the vapor compression
cycle models can be assumed accurate for the optimization.

6. Problem statement

To the optimal analysis of the FC-mCHP system to apply the
comparisons between the available heat pump technologies, a
multi-objective optimization approach has been used. The opti-
mization objective (cost function) is to minimize the cost of the
total system and to maximize the energy consumption perfor-
mance of the hydrogen, i.e.

Fi = —nu (37)
F2 = Ct

Subject to:

0<S0C<1 (38)

max (Pup_thermo) < Prhermo(Max) X Nrthermo



X. Fan, H. Sun, Z. Yuan et al. / Energy Reports 6 (2020) 325-335 331

- = Performed simulation
Moel of Park et al.

4.5

bl

n
T
1

1

Heating COP
’

w
1
’

32 34 36 38 40 42 44 46 48 50 52
Water Inlet Temperature (°C)

(A)

45 Moel of Park et al. )
= = ‘Performed simulation ’
’
’
’
4 ’
4
4
7’
4
/
35F ’
7’
a d
[} .
O .
0 .
£ 37 %
E -
] ’, ’
.
.
251 -
P
-
-
-
-
-
2 .z Z
1.5 .
20 15 -10 5 0 5 10
Evaporator Temperature (°C)

Fig. 6. The validation of the COP results for the performed simulation and Parker’s method (Park et al.,, 2015). In (A) trans-critical R744 cycle for heating COP and

(B) VCC for cooling COP.

That shows the battery SOC should be kept in the range [0,
1] during the simulation time and the second constraint de-
clares that the rated value of the Peltier device power consump-
tion should be more than the maximum value of it. Therefore,
this constraint should be used only when the Peltier device is
considered in the optimization process.

The optimization parameters include the size of the fuel stack
(Sec) in the range [1, 5] kW, the battery size (Eyqy) in the range [1,
30] kWh, the number of Peltier modules in series (Nt ), for only
type 1 heat pumps in the range [1, 30], and finally, the specifies
the studied heat pump with four types (HPyy.) such that type 1
defines the Peltier device, type 2 defines the CO, cycle, type 3
defines the VCC, and type 4 defines the electric heating, i.e. the
selection search space is 1, 2, 3, and 4.

In this study, for solving the multi-objective optimization
problem for the FC-mCHP, a new bio-inspired algorithm has
been utilized. The range of applications, ease of use and the
ability to achieve near-absolute optimal response are some of the
reasons for the success of the bio-inspired algorithms (Razmjooy
et al,, 2016; Namadchian et al., 2016; Razmjooy and Ramezani,
2014; Ghadimi et al., 2018; Razmjooy and Ramezani, 2016; Wang
et al., 2018a). These algorithms are proper solutions to multi-
objective problems (Yu et al.,, 2019). There are several types of
bio-inspired algorithms like Variance Reduction of Gaussian Dis-
tribution (VRGD) (Namadchian et al., 2016), World Cup Optimiza-
tion (WCO) algorithm (Razmjooy et al., 2016), Emperor Penguin
Optimizer (EPO) (Dhiman and Kumar, 2018), Owl Search Algo-
rithm (OSA) (Jain et al., 2018), Butterfly Optimization Algorithm
(BOA) (Arora and Singh, 2019), Moth Search Algorithm (Wang,
2018), Improved Cat Swarm Optimization (ICSO) algorithm (Ku-
mar and Singh, 2018), and sunflower optimization (SFO) algo-
rithm (Gomes et al., 2019).

In this study, the sunflower optimization algorithm has been
used (Gomes et al., 2019). The SFO algorithm inspired by the
special behavior of the sunflowers in seeking the best motivation
toward the sun. In the SFO algorithm, the pollination can be
randomly applied by considering the minimal distance between
the sunflowers. Another characteristic that is considered in the al-
gorithm is the inverse square law radiation which has an inversely
proportional with the square of the distance and the radiation
intensity.

The movement of the algorithm is to the direction to achieve
more global optimum (sun) as can be possible. The obtained heat
(H) from the ith the plant is as follows:
- 471di2
where, d describes the distance between a plant and the current
best and Py describes the source power.

And the movement of the sunflowers into the sun is modeled
as follows:

. X=X

Di= —— (40)
IX* = Xill

where, X* and X are the best plantation and the current planta-

tion, respectively.

The step for the sunflowers on the direction S; is:

Si= o x P (IX; + Xi—1 D) x I1X; + Xi—q]l (41)

(39)

i

where, w describes the plants inertial displacement and P;
(IX; + Xi_11|) represents the pollination probability.

The algorithm updates the closer sunflowers with smaller
steps to the sun in the local updating and the other plants with
farther distances move normally. The maximum step of the plants
is modeled as follows:

”Xmax - Xmin ”
Smax = 2 N
X Npop
where, X;;,qx and X, represents the maximum and the minimum

ranges and Np,, describes the plants number for all the plants.
The updated plantation is achieved as follows:

(42)

> > —
Xiv1 =Xi + S; x D; (43)

Fig. 7 shows the method of applying the SFO algorithm to the
FC-mCHP system.

7. Simulation results

Two sample examples of the optimization of the FC-mCHP
system for heat pump technologies are illustrated in Table 3.
The given solutions show the trade-off between the two discrete
values of the cost functions such that the total population in the
Pareto front includes F; values that change diversely in the range
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Fig. 7. The method of applying the SFO algorithm to the FC-mCHP system.

Table 3
Two sample examples of the optimization of the FC-mCHP system for heat pump
technologies.

# Fi F, Battery size Fuel cell size
1 —-1.19 23517 6115 Wh 2 kW
2 —-1.72 18308 3824 Wh 3 kW

of 1.19 to 1.72 and F, values that are basically placed in the range
$18308 to $23517 with no solutions outside around them.

As can be observed from Table 3, it is concluded that the
fuel cell stack contains the biggest part of the system’s cost and
the other components have less impact on the system objective
minimization. The difference of the total system cost between
two heat pump technologies is due to the fuel cell stack size
selection, i.e. 2 KW and 3 KW. From Table 3, it is also clear that the
size of the Pareto front for the optimization is almost small such
that they give an almost unique performance for the proposed
FC-mCHP configurations.

The results of the optimization can be clearer by determining
the value for the battery size and the fuel cell stack. Therefore,
the optimization of the system improves the system efficiency
and gives a promising result to the demand load profile. Fig. 8
shows this condition.

Table 4 illustrates the cost value for the components of four
case studies based on the optimal solutions of the Pareto front
population. It is observed that the fuel cell stack includes a further
part of the system’s cost in all the cases.

Therefore, the essential determinant part of the system’s total
cost depends on the fuel cell stack selection. Table 4 also illus-
trates that to develop the 3 kW fuel cell stacks; there is a need
for the batteries with higher capacitance. The results show that
selecting a 2 kW fuel cell stack gives better results with lower
investment costs while the performance of the hydrogen energy
consumption improvement is very small. For the studied type 1

6000 [-

[ IElectric Power -
5000 = = Thermal Power

N W A
S o O
[ S T
[ -1

—_
(=2
(=3
(=)

~
2
a
5]
~
>
20
()
=]
53]
2
3
=
o]
o

(=]
o
w

10 15 20
Time (hour)

Fig. 8. General thermal and electrical load demand profile for a house on a
winter day (Cao et al, 2019).

heat power, 100 numbers of solutions for the vapor compres-
sion cycle is selected. In other words, among the trans-critical
CO2 cycle, Peltier device, electric heating, and vapor compression
cycle, the last one is just used to achieve the objectives of the
studied optimization problem. The reason behind this selection
is the high-value COP of the vapor compression cycle that causes
the minimum electric power consumption for the heat power
operation. Fig. 9 shows the comparison of a specific solution who
has its HP type varied.

As can be observed from Fig. 9, the main results are that
the vapor compression cycle has the higher energy consumption
performance than the Peltier and the pure electric heating. It also
needs less battery capacity than the others (except VCC) as a
costly component of the system.

Figs. 10 and 11 show the main transient results of different
key parameters in the system. Based on Fig. 10, it is clear that
the water temperature can track the reference operating range
to get stabilized for most of the simulation times.
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Table 4

The cost value for the components of four case studies based on the optimal solutions of the Pareto front population.

3 kW FC, 15714 Wh battery

3 kW FC, 15626 Wh battery

2 kW FC, 8970 Wh battery 2 kW FC, 4108 Wh battery

Fuel cell stack $28000 $27500 $19000 $19000
Battery $3000 $2500 $2000 $1000
Heat pump $700 $750 $500 $500
2500 21500
mVCC mVCC
2000 21000
20500
1500 m CO2 Cycle m CO2 Cycle
20000
1000
Peltier Device 19500 Peltier Device
500 - 19000
Pure Electric 18500 Pure Electric
0 _ . . _
Heating (COP Heating (COP =
AN =
& 8 D 18000 D
& CFC CT
Fig. 9. The comparison of a particular solution who has its HP type varied.
857 . - minimization and hydrogen energy consumption efficiency max-
—Electric Heating C . g R .
- — Delitier imization. The multi-objective optimization of the problem was
Sgol ----.CO, Cycle applied based on a newly optimization technique, sunflower op-
< timization (SFO) algorithm. Final results were compared with a
% desired VCC for showing the best configuration in the fuel cell
£95 micro-CHP system. In the future work, the model of a developed
g CCHP system based on solid oxide Fuel cell system will be studied
& to improve the system efficiency.
§ 70
Declaration of competing interest
651
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Fig. 10. Transient results of the stored water temperature.

Fig. 11 shows the substantial differences for the results of
the transient of the battery SOC among the three heat pump
technologies.

By giving a glance to the results of Figs. 10 and 11, it is
clear that in some periods of time the values drop under zero
which shows the inappropriateness of the electric heaters and
the Peltier devices for feasible coupling with the selected fuel cell
stack and battery sizes according to Fig. 10.

8. Conclusion

In this study, a new multi-objective optimization technique
was proposed for the efficiency selection of the best model for
some different heat pumps (HP) technologies over the fuel cell
micro-CHP configurations. Here, three different HP technologies
including vapor compression cycle, trans-critical R744 cycle, and
Peltier device were used and their mathematical modeling were
presented and analyzed on a residential home in the winter.
The multi-objective problem here was based on two main ob-
jectives including combined yearly maintenance and capital costs

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
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