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HIGHLIGHTS

o Proposes a novel CCHP system arrangement including an ICE and an SE in parallel.

o The current arrangement has an appropriate technical performance at high SE speeds.

o The optimal range of the system conditions was identified technically and economically.
e The CCHP system shortens the SPP by 1.6 years compared to an ICE-only system.

ARTICLE INFO ABSTRACT

Keywords: Combined cooling, heating, and power systems (CCHP) could increase the efficiency of conventional energy
CCHP ) ) supply systems and mitigate carbon emissions. In this paper, a novel arrangement of a combined cooling,
Internal combustion engine heating, and power (CCHP) system is presented with prime movers of internal combustion and Stirling engines,

Stirling engine

Porosity

Spark timing

Investment payback period

which are numerically simulated by Range-Kutta method and optimized with the genetic algorithm technique.
The influence of some key parameters such as Stirling engine speed, phase angle, length and porosity of Stirling
engine’s regenerator, and also speed and spark timing of the internal combustion engine, on the capacity, effi-
ciency, primary energy saving and the investment payback period of the CCHP system has been discussed. The
results illustrated that using the CCHP system with hybrid prime movers, due to the appropriate efficiency of the
combustion engine, allows the Stirling engine to be started at high speeds. In this condition, the overall efficiency
of the hybrid system is increased by 12 % compared to using the CCHP system with only the Stirling engine.
Additionally, the payback period of the CCHP system with combined prime movers at 3500 rpm for the two
engines is approximately 4.4 years, which is about 1.6 years shorter than the payback period of the CCHP system
based solely on the internal combustion engine. This work provides valuable insights into the design and opti-
mization of hybrid CCHP systems with two different combustion-based prime movers.

systems and mitigate the emission impact of harmful environmental
pollutants such as CO, CO3, and NOx [1]. These systems employ the
mechanical power generated by a prime mover to supply electricity and
utilize its waste heat for providing cooling and heating with the help of
an absorption chiller and a heat recovery system (heat exchanger) [2]. In

1. Introduction

Combined cooling, heating, and power systems (CCHP) have been
proposed to increase the efficiency of conventional energy supply
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Nomenclature

Abbreviations
ACS Annual Cost Saving

CCHP Combined Cooling, Heating, and Power
CHP Combined Heat and Power
CSP Concentrated Solar Power
COP Coefficient of Performance
DPP Discounted Payback Period
ICE Internal Combustion Engine
IPP Investment Payback Period
LHV Lower Heating Value

LPG Liquefied Petroleum Gas
NTU Number of Transfer Units
SE Stirling Engine

SPP Simple Payback Period
Symbols

mass ratio of air to fuel, (-)

wetted surface of the regenerator (cm?)
specific heat at constant pressure (J/kg.K)
specific heat at constant volume (J/kg.K)
hydraulic diameter (cm)

diameter of the wires, (cm)

frictional coefficient, (—)

frequency of engine, (HZ)

gas mass flow per unit area, (kg/m?.s)
Convective heat transfer coefficient, (W/mz.K)
regenerator length, (cm)

mass of the working gas, (gr)

annual maintenance cost, £

e N

my mass flow rate of fuel, (gr/h)

N, internal combustion engine speed, (rpm)
Nyt number of cylinders, (—)

ny Stirling engine speed, (rpm)

p power, (kW)

P pressure, (MPa)

Pr Prantel number, (—)

Q heat transfer (J)

R gas constant, (J/kg.K)
Re Reynolds number (—)

s piston stroke, (cm)

St Staunton number, (—)
T temperature, (K)

v volume, (cm?®)

V4 displacement volume, (cm?®)
w work output (J)

X fuel heat release function
Greek

a phase angle, (deg)

n efficiency (-)

u dynamic viscosity (kg/m.s)
e effectiveness, (—)

y specific heat ratio, (—)
@ porosity coefficient, (—)
2] crank angle, (deg)
Subscripts

c compression chamber
comb Combustion

e expansion space

ex exhaust

f fuel

h heater

hr hydraulic

k cooler

r regenerator

Swc compression

swe expansion

wg wetted

this way, the energy efficiency increases and the economic costs
decrease [3]. Nonetheless, in some cases, the initial costs (imple-
mentation costs) of these systems might be higher than conventional
energy supply systems. Therefore, each proposed CCHP system must be
meticulously appraised from an economic standpoint. The annual profit
of the proposed system compared to conventional systems should be
calculated, and an investment payback period (IPP) should be gauged
[4]. This economic analysis is more valid when annual inflation is
included [5]. One of the principal components of CCHP systems that has
a significant impact on energy efficiency, fuel consumption, harmful
emissions as well as economic performance is the prime mover [6]. The
appropriate selection of the prime mover should usually be made ac-
cording to the capacity and type of system use, weather conditions and
energy prices [7].

One of the prime movers of CCHP systems is internal combustion
engine (ICE) [8]. Whereby the chemical energy of the fuel is converted
into mechanical and heat energy through combustion inside the cylinder
chamber [9].

Among the advantages of ICEs, we can mention high power output
relative to the engine volume and suitable thermal efficiency at different
engine speeds [9]. Nonetheless, ICEs have some disadvantages, such as
restrictions on the use of certain fossil fuels, relatively high pollution
emissions, and significant noise [10,11].

Another prime mover of CCHP systems is the Stirling engine (SE)
[12]. SEs are a type of external combustion engine that can produce
power based on the compression and expansion of a working gas, such as

helium or hydrogen at different temperatures [13]. The initial applica-
tion of these engines was to pump water. Other uses include its imple-
mentation in concentrated solar power (CSP) [14], combined heat and
power (CHP) [15] and submarine propulsion [16]. The advantages of
SEs include low noise, low emission, and the ability to run on a variety of
fuels, such as fossil fuels, biomass, nuclear, and solar energy [17,18].
However, in SEs, a considerable amount of time is needed for heat to be
transferred from an external source to the engine, and the reactivity of
these engines is weaker than ICEs at different engine speeds and loads
[19]. Additionally, at high speeds, these engines usually do not have
good thermal efficiency [20].

So far, some research have been focused on the modeling and opti-
mization of CHP and CCHP systems based on ICEs and SEs. Ehyaei et al.
[21] presented a CCHP system based on an ICE to supply the energy
demand for a building in Iran, taking into account the cost of air
pollutant taxes, namely, carbon dioxide, nitrogen monoxide, and carbon
monoxide. They indicated that the average cost of generating electricity
for the system would be 0.05 $/kWh. In a study by Zheng et al. [22], a
dynamic simulation of a CHP unit with an ICE was presented, and the
start-stop interval of the system was analyzed. The results of the model
illustrated that the interval of start-stop was more than 0.5 h for the
CHP-ICE system to achieve the maximum amount of fuel consumption
savings. In the work of Wei et al. [23], the potential of using a 12-cylin-
der gas-burning engine as the primary driver of the combined system
was investigated. The engine performance was analyzed, and the pa-
rameters of spark timing were checked. The results showed that the ratio
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of heat to power can be changed in the range of 1 to 1.6. Muccillo and
Gimelli [24] experimentally and numerically modeled a small-scale CHP
system based on a liquefied petroleum gas (LPG) engine. They showed
that the desired system is suitable for energy supply in residential
buildings, hospitals, hotels, and sports centers. Aghaei Meybodi and
Behnia [7] investigated the CHP systems based on gas and diesel com-
bustion engines, considering the carbon tax. The results showed that the
carbon tax has a great impact on prolonging the investment return
period, and the CHP systems with diesel engines are not very
economical.

Arbabi et al. [25] reported that a cogeneration system with gas en-
gine and a capacity of 85 kW can have an energy efficiency of 81 % and a
IPP of 7.5 years. Balakheli et al. [26] studied different arrangements of
cogeneration systems based on ICE. In their study, the effect of engine
speed was investigated. The results indicated that if a compression
chiller is used to provide cooling, the system will perform well from an
environmental point of view and will emit less carbon dioxide than other
arrangements, but because the fuel consumption costs are high, it is not
suitable from economic perspective. Sheykhi et al. [27] studied a CCHP
system with a gas engine and analyzed the impact of engine compression
ratio and speed, on system specific fuel consumption. In another study
presented by Sheykhi and Mehregan [28], a CCHP system with a gas
engine was simulated from economic and technical perspectives at
different engine speeds, and the effects of ignition timing on internal
return rate (IRR) and net present value were investigated. The results
indicated that at high engine speeds and optimal ignition timing, the IRR
of the CCHP system reaches 24 % after 8 years.

The work of Kong et al. [29] can be mentioned among the first re-
searches carried out in the field of CCHP systems with a SE as the prime
mover. In this research, a general evaluation of the implementation of a
trigeneration system based on the SE was done according to the price of
natural gas in Shanghai and Beijing. In this study, the system IPP was
calculated in about 2 to 3.5 years according to the cost of natural gas
fuel. Also, 33 % energy savings were reported for this system compared
to conventional systems. Karami and Sayyaadi [30] showed that a CCHP
system based on the SE in Bandar Abbas, Iran, cannot be economically
justified due to the low tariffs for purchasing electricity and high tariffs
for purchasing natural gas. On the other hand, they report that the
implementation of this system in Yazd city in Iran is economically
justified according to the city’s energy tariffs, and the IPP for it is about
4 years. Skorek et al. [31] showed that a small-scale SE cogeneration
system has an electrical efficiency in the range of 20-30 %. Also, in this
system the carbon dioxide emissions were reduced in the range of 10 to
64 %.

Using a non-ideal adiabatic model, Chahartaghi and Sheykhi [32]
illustrated that the use of a trigeneration system with a SE and working
gas of hydrogen has better performance than helium. In another
research conducted by Sheykhi et al. [33], it was showed that a small-
sized power and heat cogeneration system at low SE speeds can have
good efficiency and performance. Also, this system was able to reduce
the amount of carbon dioxide emission tax by about $ 900 per year
compared to conventional systems. In the experimental work done by
Hidalgo et al. [34], a CHP system with a solar SE was developed. In this
study, the cogeneration system supplied about 75 % of the energy
needed by a building for a typical family, and the reduction in carbon
dioxide emissions from the system was reported in the range of 36 %. In
a study, a technical and economic modeling and optimization was done
by Sheykhi and Mehregan [35], and under optimal conditions for CCHP
system with a SE, special fuel consumption and IPP were evaluated.

It is known that ICEs are the most common prime movers of cogen-
eration and trigeneration systems. However, due to limitations such as:
the utilization of specific fossil fuels, and the environmental and noise
emissions, it is not suitable for the ICE to bear the full load of the
cogeneration system. Considering the advantages of SEs, such as high
thermal efficiency, especially at low speeds, low noise and emissions,
and the ability to use a variety of energy sources, it is better if half of the
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load of the system is on the SE. On the other hand, SEs do not have good
thermal efficiency at high speeds, and it is better to use ICEs that have
good thermal efficiency at all speeds in combination with SEs to achieve
high capacities in combined systems. In this way, the limited studies that
have been carried out for CHP and CCHP systems with these two prime
movers are presented.

One of the first studies in the field of CHP systems based on ICE and
SE in a hybrid manner is the work of Li et al. [36]. They presented a
laboratory model of a power and heat production system. In their work,
the thermal energy of exhaust gases of a gasoline ICE was used as the
heat source of a beta-type SE. Results showed that the waste heat of an
ICE can be a valuable heat source for the SE, and by using two engines in
a combined manner, the efficiency of the CHP system increases. In
another study, Sheykhi et al. [37] developed the work of Li et al. [36],
numerically and discussed it from the environmental and economic is-
sues at different engine speeds. In their work, the carbon dioxide was
decreased by about 10 % compared to a conventional CHP system with
an ICE, and the system reached profitability after 10 years. In another
study, Jia and Paul [38] proposed a CCHP system with ICE and SE as
prime movers. The modeling was done numerically, and the results
illustrated that the overall efficiency of the system is about 62 %. Also,
they analyzed engine speeds on profitability of the system.

SEs usually do not have good thermal efficiency at high speeds, and
using these engines at high speeds as the prime mover of CCHP systems
can reduce energy efficiency and increase fuel consumption of this
systems, and it is usually appropriate to use these engines at lower ca-
pacities. On the other hand, due to the high capital cost of ICEs, it is not
economically appropriate to operate a CCHP system based on an ICE at
low speeds, and using these systems at higher capacities is more
appropriate. Thus, using these two prime movers as a hybrid in optimal
operating conditions can improve the technical and economic perfor-
mance of CCHP systems. It is noteworthy that optimizing other geo-
metric and functional parameters of these two engines, including spark
timing, heat regenerator characteristics, and phase angle, can further
contribute to the commercialization of these systems in construction
users.

So in this study, a comprehensive simulation of the technical and
economic performances of a CCHP system based on the gas-burning ICE
(EF7) and the alpha-type Stirling engine (Ford-Phillips) has been con-
ducted in a parallel hybrid form, and for the first time the impacts of
some parameters of the prime movers including spark timing, ICE speed,
regenerator length, regenerator porosity, SE phase angle and speed on
the technical performance of the CCHP system, such as the overall ef-
ficiency and primary energy savings are discussed. Furthermore, eco-
nomic performance indexes, including the IPP are determined by
considering different economic inflations. It is noteworthy that the
changes in these parameters can have opposite influences on the tech-
nical and economic performance of the system. So, it is recommended to
determine the appropriate values based on the type of use and the
project’s goals. In addition to these, in this work, with the help of genetic
algorithm and LINMAP decision-making method, the most optimal
working conditions of the CCHP system from the technical and economic
points of view have been identified. The innovations and highlights of
the current work are summarized below:

e Proposing a CCHP system based on the novel arrangement of the
prime movers including a gas ICE and an alpha SE in parallel.

e Simulating the impacts of the prime movers’ characteristics, on the
technical and economic performances of the CCHP system.

o Finding the optimal range of operational conditions of the CCHP
system from technical and economic perspectives.
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2. Simulation
2.1. CCHP system design

The schematic design of the proposed CCHP system with prime
movers of the EF7 gas ICE and the Ford-Phillips SE is presented in Fig. 1.
The heat source for the SE is provided by burning natural gas. As shown
in Fig. 1, the cooling of the building is provided by two single-effect
absorption chillers utilizing the waste heat of exhaust gases of the gas
engine and part of the heat rejected from the Ford-Phillips Stirling en-
gine cooler. Also, the heating of the building is achieved using two heat
exchangers (heat recovery system) that harness the heat rejected by the
gas engine cooling system and the Stirling engine cooler. Additionally,
the output mechanical power of the two engines is directed to the power
generators to produce electric power.

2.2. Combustion engine simulation

By applying the mass and energy conservation laws for the cylinder
of an ICE (Fig. 2) at different rotation speed and considering heat and
mass losses of the cylinder, the governing equations of this engine can be
presented in a differential and dimensionless form [39].

Thus, the dimensionless differential equations of pressure, work,
heat loss to the cylinder wall or heat loss to the cooling system as well as
mass loss are presented in Egs. (1) to (4), respectively [39].

dp PdAV_ (r—1)|xdx o o\ (PV = 7CoP
i Q@fh(l +ﬁV) (rﬁTW)] _IooP ¢))

0= Tva v »
%’:gddi; @
G i) (5 m)

These four dimensionless linear equations form an ordinary differ-
ential equation system. Also, the dimensionless parameters mentioned
in Table 1 are introduced [41]:

Subscript 1 denotes to the start of the compression stage. Also p, W,
V1, Qeomps AF, LHV,m, 11,,1comp> Tws> Te, R, @, and b are the pressure, net
work, cylinder, heat from combustion, mass ratio of air to fuel, fuel
heating value, fuel mass, volumetric and combustion efficiencies, cyl-
inder wall temperature, compression ratio, heat transfer coefficients,
engine speed and cylinder diameter.

In this study, the Wiebe function curve can be used to describe the
combustion process. The fraction of the burned mass as a function of the
crank angle grows from zero and exponentially tends to one, which in-

Absorption chiller
n_ B

Heat loss of exhaust Cooling

|———

Heat loss of c&oling system
!

S ——
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Fig. 2. ICE model [40].

Table 1
Dimensionless parameters of ICE model [41].
~ _P Dimensionless pressure
p =
D1
W= w Dimensionless work
nvi
Qioss = Quoss Dimensionless heat to the cylinder wall
0SS pV1
Q= Qeomb _ 1 LHV" o1 Dimensionless heat from combustion
piVi  1+AF RT, ™
mem Dimensionless mass inside the cylinder
my
T, = Tw Dimensionless wall temperature
1
re —
_ vy 1+ (1 — cost) Dimensionless volume
V=—r=
Vi e
~  4hTy . . )
h = Dimensionless heat transfer coefficient
p1wpb

dicates the end of combustion [42]. Thus, the Wiebe function is pre-
sented in Eq. (5) [43].

vl )]
04

where x is part of the released energy of the fuel, and 6, 6; and 6, are
respectively the crank angle, ignition start angle, and combustion angle
duration, Also, in Eq. (5), a and n are the Wiebe function constants and

Absorption chiller
I

Heat loss of exhaust

q—————l

Ford stirling engine
TP
W

Cooling

t
Heat loss of cor)ling system

o e e

Mechanical power —— Electrical power Electrical power _- Mechanical power

Fig. 1. CCHP system arrangement.



M. Sheykhi et al.

their values are equal to 5 and 3, respectively [43].
In Eq. (6), the brake power of the ICE (Pjc) is given by [43].

Pice = Pingi — Ploss (6)
Ny Wi
Piai = ﬂTf’ %)
Nr Nr \?*| vanfr
_ 5
Pys = 10 0.97+0415(—1000> +O.05(1000) 5 (8)

Here, Pjngi, Ploss, Neyt, W, fr, Nr and V; respectively are indicated power
(theoretical), frictional power loss, number of cylinders, work output,
engine frequency in rps, speed in rpm and volume displacement in the
cylinder.

Also, the output torque of the ICE can be calculated according to Eq.
(9) [40].

9550 Pycx

Nr ®

ICE =

The heat loss rate to the cooling system of the ICE can be calculated
according to Eq. (10) [40].

Qcoot = anossg (10)

The rate of waste heat from the ICE exhaust is presented by Eq. (11)
[401.

Qex = Qcomb - Qcool — Pingi (11)

At the end, calculate the specific power fuel consumption according
to Eq. (12).
PSFC = 1% 12)
ICE
It should be noted that the result of m{LHV can be equal to the
thermal energy released in the combustion process, or Qcomp-

2.3. Stirling engine simulation

One of the best choices for modeling the SEs is the adiabatic model.
In fact, especially at high engine speed, the processes of expansion and
compression in the SE are closer to the adiabatic state (without heat
transfer). Therefore, by considering adiabatic assumptions instead of
isothermal assumptions, the temperature in the compression and
expansion chambers changes accordingly [44].

First, the main components of the SE are divided into independent
sections for adiabatic analysis (Fig. 3). The main components of this
engine include the expansion and compression chambers, cooler, heater,
and regenerator.

For each part, taking into account the equations of conservation of
energy and mass and the assumptions mentioned below, reversible
adiabatic differential equations are derived [44].

Cooler

Compression chamber

Regenerator
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The processes of compression and expansion are adiabatic.
Frictional pressure loss is not considered.

Gas leakage in different components is ignored.

The working gas of engine is ideal.

The temperature of the working gas in the cooler and heater is
assumed to be equal to the temperature of their walls.

e The temperature of the working gas is assumed to be constant at
different points of the cooler and heater.

There is no irreversible heat transfer in the regenerator.

The pressure equation can be expressed by following the ideal gas
equation according to Eq. (13) [44]:

MR

- as)
Ve | Vi Vi .V Ve
Rttt

p

Here, p is the pressure inside the engine, M, R and V represent the
mass of the working gas, the gas constant and the volume of each
element, respectively. Also, subscripts c, 1, k, h, and e are respectively the
specifications of compression chamber, regenerator, cooler, heater, and
expansion chamber.

The differential form of the pressure equation is obtained as Eq. (14)
[44]:

dve dv,
)
dp = a4
Ve \% Vr Vi Ve
a“(ﬁﬁﬁ?) +.

In Eq. (15), the differential form of the mass equation in the
compression chamber is given. Also, in Egs. (16) and (17), the mass
equation in heat exchangers (cooler, regenerator, heater) and expansion
chamber are presented, respectively [44]:

pdv. + V2

15
RT. as

_pVi.
m; _RTi’l =k,r,h ae)
m, = M — (m¢ + my +m, +my) 17)

In Eq. (18), the mass differential equation in heat exchangers is
given, and also Egs. (19) to (22) represent the mass flow in different
parts of the SE. The dual subscripts denote the interference location of
the five control volumes. For example, according to Fig. 3, the double
index of ck indicates the flow at the boundary between the compression
chamber and the cooler.

dm =" i g rn (18)
p
Mmeg = — dTYlC (19)
My = Mg — dmy (20)
Heater Expansion chamber

Fig. 3. SE components [44].
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My = My — dmr (21)

Mpe = My, — dmy, (22)

Boundary conditions [44]:

If mg > 0 then: Ty = T., otherwise: Ty = T

If my, > O then: Ty, = Ty, otherwise: Ty, = Te

The temperature equation for the expansion and compression
chambers can be expressed as Eq. (23) [44]:

pVi

T: =
! Rmi

Ji=e,c (23)

In Egs. (24) to (27), the heat rejected in the cooler, the heat
exchanged in the regenerator, the heat absorbed in the heater and the
work output are given in differential states [44]:

VidpC,

dQ: = % — Cp(Taee — Tio i) @49
V.dpC,

er = If - Cp(Tkrmkr - Trhmrh) (25)
V,dpC,

th = h; - Cp(Trhmrh - Themhe) (26)

dW = p(dV. + dV,) @7)

Also, the volume changes in the swept space of the expansion and
compression chambers for alpha type SEs as a function of the crank
angle have been calculated in Egs. (28) and (29), respectively [45].

vV, = VTW [1+cos(0+a)] (28)
V.- VSZW‘ 1+ cos(0)] 29)

Here, V;,. and V. are displacement volumes in the expansion and
compression chambers, respectively. Also, § and a are the crank angle
and the phase angle of the piston of the expansion chamber relative to
the piston of the compression chamber, respectively, and at default
condition, a is usually considered 90 degrees [45].

In the following, the brake output power of the SE can be calculated
by considering irreversibility according to Eq. (30) [44]:

ny
Pgp = W’?u% (30)

Here W, 5, and n, are output work in reversible adiabatic mode, the
second law efficiency and engine speed in rpm, respectively. It is note-
worthy that the second law efficiency is based on some irreversibility
such as: pressure drops due to piston friction, incomplete regenerator
heat recovery, flow friction in the regenerator and piston speed.

Second law efficiency is presented by Eq. (31) [44]:

M= Miirr(1—e) Mirr(ap) 81

In Eq. (31), Mygra—e) and fyumap are the effects of regenerator
incomplete heat recovery and the effects of pressure drop in the engine,
respectively. These two irreversibility parameters are defined in Egs.
(32) and (33), respectively [44]:

1
Mirr(1—ey) = N (32)
1+ <ﬁ> ® Nideal
35 e 2R
Migr(ap) = 1 — — (33)
(i
v,
A== (34
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Nideal = % (35)

po1-L (36)
31

’1:; = Nideal ® M irr(1-e,) 37

Tp = Tyn — 45 (38)

Ty = T +5 (39

Here, ¢, 7, 4 Nigea> Twhs Twi> T, and T are the regenerator effec-
tiveness coefficient, specific heat ratio, volume ratio, reversible adia-
batic efficiency, heater wall temperature, the cooler wall temperature,
the temperature of the gas inside the heater and the temperature of the
gas inside the cooler. Also, p; and Ap; are the inlet pressure and total
pressure drop in the SE, respectively. They are defined according to Egs.
(40) and (41), respectively [44].

4Pm

R[S ¢
Ap, = Ap; + Apy + Apy (41
T= T (42)

Here, p,, is average engine pressure and 7 is the temperature ratio.
Also, Ap;, Aps and Ap,, express respectively the pressure drops due to the
friction of gas in the regenerator, the movement of the piston in the
cylinder and piston speed. They are evaluated according to Egs. (43) to
(45) [44].

2f/’lVrGLreg
App=——"5— 43)
m,DZ,
(0.94 + 0.0015sn,) o 10° 1
Aps = 1-=
\Ds 35 7 (44)

_/smy A elni y Th
2 = (go) ‘pl(z—l)vafrk{”\/%] )

In Egs. (43) to (45), f, 4, Vr, Lreg, G, m,, Dy, and s are the regenerator
frictional coefficient, gas viscosity, regenerator volume, regenerator
length, gas mass flow per unit area, regenerator gas mass, hydraulic
diameter of the regenerator, and the stroke of the piston, respectively.

The dead volume of the regenerator is calculated by Eq. (46) [44].

n dreg2
4

Here n,g, ¢, d., are number of regenerators for each cylinder,
porosity, and diameter of regenerator, respectively. Also, the regener-
ator hydraulic diameter is evaluated by Egs. (47) and (48) [44]:

Vr = nreg @ Lreg (46)

4v,
Dy, = A (47)
dng
Dy = (48)
"9

Here, A,, and d,, are the wetted surface and the diameter of the wires
inside the regenerator, respectively. In Egs. (49) and (50), the wetted
surface of the regenerator and the porosity coefficient in the regenerator
are presented, respectively [44].

Awg = ﬂdmLm (49)
Vr

_ 50

T WVt V) 0
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ndy?
Here, L,, and V,, are the total length and volume of the wires inside
the regenerator, respectively.
Also, the frictional coefficient in the regenerator can be calculated

from Eq. (52) [44]

Vin

f =54+1.43Re"78 (52)

Reynolds number in the regenerator can be calculated from Eq. (53)
[441.

GDyr
u

Re = ’ (53)

The regenerator effectiveness is the important parameter in deter-
mining the efficiency of the heat regenerator and is defined by Eq. (54)
[44].

NTU

TNTUT1 G4

&
Here, NTU represents the number of transfer units. It is defined ac-
cording to Eq. (55) [44].

St Aug
A

NTU = (55)

Here, A is the gas flow cross-sectional area in the regenerator. Also,
the Stanton number in the regenerator is presented by St and is calcu-
lated according to Eq. (56) [44].

St = 0.023 Re *2pr ¢ (56)

Here, Pr is the dimensionless Prantel number.

Also, the brake thermal efficiency of the SE is calculated by Eq. (57)
[44].

Py

Ninse = iy LHV (57)

Here, myLHV is the thermal energy released due to the burning of
natural gas in the external heat source of the SE and can be calculated by
Eq. (58).

ryLHV = th—(’) (58)
Also, the brake output torque of the SE is defined in Eq. (59) [45].

Nr (59)

SE

3. General simulation of CCHP system
3.1. Technical simulation

One of the appropriate technical analyzes for the CCHP system is to
obtain a parameter that calculates the maximum utilization percentage
of fuel energy input to the system, which is possible with the help of
overall efficiency. So, the overall efficiency or CCHP efficiency of the
CCHP system is given by Eq. (60) [46].

Power + Heating + Cooling
mLHV

Overall Efficiency = 60)
In Eq. (60), power, cooling and heating loads are equal respectively

to the output power of the whole system, the cooling and heating loads

of the whole system and is calculated according to Egs. (61) to (63).

Power = Pjcg + Pgg (61)

. Q1
Heating Load = Qo0 +? é 62)
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Qe 1y

Cooling load = (Q.x COP,) + ( 2 60

COPaC) (63)

It is obvious that the waste heat from the cooling system of the ICE
and SE is utilized to supply the heating load, as well as the waste heat
from the exhaust gases from the ICE and the rest part of the waste heat in
the SE cooler is utilized to supply the required heat for the absorption
chiller to provide required cooling power. Also, COP,, is the coefficient
of performance of the absorption chiller, and for a single-effect ab-
sorption chiller, COP,, is usually around 0.7 [27,30].

Also, the electrical efficiency, heating efficiency, and cooling effi-
ciency for the CCHP system are defined according to Egs. (64) to (66),
respectively.

Power

Flectrical Effici _
lectrical Efficiency  LHV (64)
. - Heating
Heating Efficiency = A LHV (65)
. . Cooling
E =
Cooling Efficiency mLHV (66)

Another technical analysis to evaluate the CCHP systems is to
compare these systems in terms of primary energy savings with a con-
ventional energy supply system to provide the same amount of energy.
By doing this comparison, the technical efficiency and the saving in the
primary energy consumption (fuel consumption) of the CCHP system
will be better determined, which will be discussed in the introducing of
this parameter.

In a conventional system for buildings, electrical energy is supplied
from thermal power plants, and an electric-driven chiller and a gas
boiler are usually used to provide cooling and heating. Thus, if the
conventional system supplies the same energy as the CCHP system, its
primary energy consumption is calculated according to Eq.(67) [47].

Power 1, N Heating Load = Cooling Load

PE;ony =
Nt My 1qCOPe

(67)

where 1., 17, 11, and COPy; are, respectively, the electric efficiency of the
power plant, the efficiency of the electric generator, the gas boiler ef-
ficiency and the COP of the electric compression chiller. Their values are
equal to 0.3, 0.9, 08 and 3, respectively [32].

Also, for the proposed system, the amount of primary energy con-
sumption, PEccyp, is obtained according to Eq.(68).

PECCHP = meHV (68)

The percentage of primary energy savings (PES) of the CCHP system
compared to the conventional energy supply system is obtained by Eq.
(69) [47].

PEconv - PECCHP) 100

PECD'IV (69)

PES = (
where PE,,,, denotes the amount of primary energy consumption for the
considered conventional system.

Considering that both prime movers in this study operate based on
the heat potential of natural gas, it can be useful to calculate the specific
fuel consumption of natural gas. Therefore, the power specific fuel
consumption (PSFC) and the overall specific fuel consumption (OSFC) of
the CCHP system are given by Egs. (70) and (71).

PSFC = Y

= 70
Power 70

my

OSFC =
Power + Heating Load + Cooling Load

(71)
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3.2. Economic simulation

One of the appropriate methods in economic analysis is to calculate
the project’s investment payback period (IPP). In this model, the eval-
uation criterion is the time that should be spent to compensate the initial
costs of the project (investment cost) with annual profit. In this way, in
Eq. (72), the simple payback period (SPP) of the CCHP system is pre-
sented [5].

Co
SPP = ACS (72)

Here, C, is the investment costs (initial costs) of the CCHP system,
and the ACS parameter is the annual cost saving or annual profit of the
system. It is obvious that the economic inflation rate is not considered in
the evaluation of the simple IPP. Economic inflation leads to a longer
IPP, and it is better to include the economic inflation rate in the eval-
uation of the IPP. Thus, the discounted payback period (DPP) is defined
in Eq. (73) [5].

In <%)
DPP = TR (73)

Here r is the annual inflation rate.

In the following, the calculation method for the amount of annual
cost saving (ACS) is given. It is obvious that both prime movers of the
CCHP system of this study use natural gas, and only natural gas is used to
supply the heating, cooling and electrical loads. In this way, according to
Eq. (74), the fuel cost of the CCHP system is presented [28].

COStCCHP = mf LHV PriCeF (74)

Here, Pricer is the global price of buying natural gas and its price is
around 1 cent/kWh [48]. Also, if a conventional energy supply system
wants to supply the same amount of energy as the CCHP system, the fuel
cost (primary energy cost) of the conventional system is calculated ac-
cording to Eq. (75) [48].

Pricep Heating Load  PriceyCooling Load
i’[b COPel

Cost.ony = Pricey Power e+

(75)

Here, Pricey is the global electricity purchase price and its value is in
the range of 13 cents/kWh [48]. The amount of annual profit or ACS of
the CCHP system compared to a conventional energy supply system for
the same energy supply is obtained according to Eq. (76) [48].

ACS = [Costcony — Costecrp) X 365 ho (76)

Here, ho is set to be 8 h and is the number of the system’s daily
operating hours.

3.3. Environmental assessment

In this study, an environmental assessment of the performance of the
CCHP system has been conducted and the amount of carbon dioxide
emission reduction as well as the carbon tax reduction from the CCHP
system compared to the conventional energy supply system has been
calculated according to Egs. (77) and (78) [46]

(mCO™ — mCOZH)
100

CO.ER = x 365 ho 77)

CO,TR = (mMCOZ™ —mCO5™™) 750y X 365 ho (78)

Where o, is CO2 tax rate, and is equal with 0.00003 $ g~! [46].
Also, the amount of carbon dioxide emitted from the CCHP and
conventional systems has been estimated using Egs. (79) and (80).

mCOSHP = uCOos o my LHV (79)
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mCoS™ = |ucoy

COF e Heating Load COY e Cooling L
oPowerr]g+” 2 ® ;ﬂ ng Loa +/,t M .ngllng oad}
b el
(80)

Here, uCO5 and uCOY are the carbon dioxide emission indices for
burning natural gas and generating electricity, and are equal to 220
gr/kWh and 836 gr/kWh respectively [46].

4. Optimization, solution and validation of the numerical model

In this section by using optimization algorithms, the desired design
parameters (decision variables) can be selected in the optimal state with
high accuracy. Thus, in this article, after carrying out technical and
economic modeling for the proposed CCHP system, an optimal technical
and economic performance size is proposed.

To find an optimal size of decision variables of the CCHP system, first
the optimal Pareto front is calculated using the genetic algorithm, and
then the best two-objective optimal point is considered with the help of
the Linmap decision-making method, which in the following, genetic
algorithm, decision-making method, decision-making variables and
objective functions are discussed. Finally, in this section, the modeling
and optimization method will be presented and validation will be
performed.

4.1. Genetic algorithm, decision-making method and variables

In this study, genetic algorithm (GA) method is used for optimiza-
tion. GA is one of the most reliable evolutionary algorithms to do opti-
mization [49]. Also, multi-objective optimization problem is used for
optimization which its solution includes a set of optimal solutions
known as Pareto front. The NSGA-II algorithm is a widely used iterative,
stochastic optimization method for solving multi-objective problems
with conflicting goals. Instead of finding a single optimal solution, it
identifies a set of optimal trade-offs known as the Pareto front, where
each solution is best in at least one objective. The Pareto front is formed
by selecting and evaluating random points, then identifying non-
dominated solutions based on whether the objective is to minimize or
maximize [50]. In this analysis, the algorithm used a crossover rate of
0.8, mutation rate of 0.1, and a population size of 160 to effectively
explore and exploit the solution space.

The decision to employ GA was driven by its proven robustness and
effectiveness in addressing complex, multi-objective optimization chal-
lenges. GA excels in navigating large and discontinuous solution spaces,
leveraging its population-based search approach to explore multiple
potential solutions concurrently. This capability is particularly valuable
for identifying the Pareto front in multi-objective optimization, as it
efficiently produces a diverse range of optimal solutions. Furthermore,
GA’s ability to manage non-linear and non-differentiable objective
functions enhances its suitability for the specific problem under inves-
tigation. While other optimization techniques, such as PSO and GWO,
are also highly effective, GA’s adaptability in handling multiple objec-
tives and its demonstrated success in comparable applications [51]
made it the most appropriate choice for this study.

After achieving the optimal Pareto front, the optimal solution can be
identified from the Pareto front with the help of Linmap decision making
method [52]. In this method, finding the best solution from the Pareto
front is based on the Euclidean distance of each solution to the ideal
solution.

Decision variables (design parameters) for optimization in the pre-
sent work are as follows: SE speed, regenerator length, regenerator
porosity, SE phase angle, and ICE parameters, including engine speed,
spark start angle, and combustion angle duration. These parameters are
presented below according to their limitation range.
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1000 < n, < 6000 rpm
19 <L, <50 mm
06<¢9<09
80 < a <140 deg
1000 < N; < 6000 rpm
320 < 65 < 350 deg
35 <64 <45deg

Decision making variables :

The technical and economic functions of the two-objective form are
the CCHP efficiency and the IPP of the system. The CCHP efficiency
should be maximized, and the IPP should be minimized.

4.2. ICE and SE simulation method and optimization method

In order to solve the differential equations of the dimensionless
initial value of the ICE (Egs. (1) to (4)), the fourth-order Runge-Kutta
numerical method has been utilized. The initial values of dimensionless
parameters of the pressure, net-work, heat dissipation, and gas mass at
the start of the compression stage are respectively 1, 0, 0, and 1. The
range of solving the problem is from 6 = —180° to 6 = 180° (the
beginning of the compression process to the end of the combustion). In
the MATLAB environment, the final value of these dimensionless pa-
rameters is obtained at the end of the combustion stage (¢ = 180°) and
then the values are calculated with their dimensions.

The differential equations of the reversible adiabatic model (Egs.
(14) to (27)) are solved in the MATLAB software with the first-order
Runge-Kutta method with the help of a developed computer program.
The value of 0.1 degrees is considered as the angular step. The maximum
iteration number is 50. The condition of the convergence for pressure is
1 kPa. After solving the reversible or ideal adiabatic relations, irre-
versibilities are considered.

In this study, optimization has been performed using the genetic
algorithm by the MATLAB software. The initial population size is set to
be 160. Also, the probability of intersection and the probability of mu-
tation are 0.8, and 0.1, respectively. The termination condition is
defined as an error difference value of 0.001 between two consecutive
iterations. Fig. 4 shows the modeling and optimization solution steps for
this study.

4.3. SE and ICE model validation

In this section, the validity of the simulation is discussed. In this way,
the results of the current work used to simulate the SE and the ICE are
compared by experimental results and other models, and then the
validation of the numerical model used for the heat recovery system is
discussed.

To confirm the accuracy of the SE simulation, the geometrical
characteristics of the well-known GPU-3 engine have been used, and a
lot of research has been done on the modeling and optimization of this
engine. This engine is one of the successful engines manufactured by
General Motors. It is a beta-type single-cylinder Stirling engine, where
the power and displacer pistons are built into one cylinder (Fig. 5) [45].
Also, the technical specifications of this engine can be seen in Table 2.

In Table 3, the output power and thermal efficiency of the GPU-3
engine at 2500 rpm, working pressure of 4.14 MPa, heater tempera-
ture of 977 K, and cooler temperatures of 288 K, with helium as working
gas, have been calculated using the irreversible adiabatic model. The
results obtained in the current work have been compared with the re-
sults of other numerical modeling and experimental data.

In the present research, the development of Costea et al. [54] model
has been developed. Instead of mathematical solution, the assumptions
of the adiabatic model are used, and the ideal adiabatic differential
equations are solved by Range-Kutta method. Then, similar to their
model [54], by considering frictional irreversibilities such as piston
friction in the cylinder, flow friction in the regenerator, and pressure
drops as well as thermal irreversibilities such as non-ideal heat recovery
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- Checking the convergence <
~< condition? e

' Considering the range of decision variables and selecting
. objective functions
I

Optimization using genetic algorithms and initial population

generation and providing the optimal Pareto front

Fig. 4. Modeling and optimization solution steps.

in the regenerator, the efficiency of the second law is evaluated and with
the help of reversible adiabatic efficiency, the brake output power and
efficiency are calculated. The current model errors in predicting the
power and thermal efficiency are 5 % and 4.28 %, respectively which is
on average, higher accuracy than previous research.

In this research, the model used to simulate the ICE is a zero-
dimensional model that is solved numerically. To ensure the accuracy
of the model, the results are compared by the experimental results of the
EF7 engine.

The EF7 engine (Iranian National Engine) is an in-line 4-cylinder
engine. It is designed to operate on natural gas fuel and also it has the
ability to work with gasoline (Fig. 6) [27]. The technical specifications
of this engine are presented in Table 4.

In Fig. 7a, the brake output torque from the EF7 engine is modeled
using the current model, the Kakai and Karimi model [65], and the
experimental tests [65]. In Ref. [65], one-dimensional GT-Power com-
mercial software was used for engine modeling. The maximum deviation
between the present work and the model of Kakai and Karimi in pre-
dicting the output torque is lower than 4 %. However, as it is clear from
Fig. 7a, the benefit of the present model can be attributed to the
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Rhombic drive

mechanism

Fig. 5. The schematic diagram of the GPU-3 engine [53].

Table 2
The GPU-3 engine’s dimension characteristics [45].
Characteristic Value Characteristic Value
Working gas Helium Length of tube 245.3
mm
Max. mean pressure 6.9 MPa Cooler
Clearance volumes Number of tubes 312
Expansion space 30.52 cm® Inside diameter of the tube 1.09 mm
Compression space 28.68 cm® Length of tube 46.1 mm
Swept volumes Regenerator
. 120.82 )
Expansion space em? Internal diameter 22.6 mm
113.14
Compression space 3 Length 22.6 mm
cm
Internal diameter of
" erl.'na lameter o 69.9 mm Matrix wire diameter 40 ym
cylinder
Heater Porosity 0.697
Tubes number/cylinder 40 Matrix mesh size 79
Number of
Tube inner diameter 3.02 mm umber of regenerators/ 8

cylinders

potential of finding the optimal engine speed (4000 rpm) in order to
maximize the torque, while the model of Ref. [65] does not predict with
adequate accuracy.

Also, in Fig. 7b, the output power of the present model for the EF7
engine at different speeds has been modeled and compared with the
results of experimental tests [66]. According to the results of Fig. 7b, it is
clear that the current model has high accuracy in estimating the output
power for the internal combustion engine and the highest model error
for predicting power is reported to be less than 4 % at high speeds.

10
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Table 3
Validation of the current model with GPU-3 engine results.
Type of model Py y Py error 1, error
(kw) (%) (%) (%)
Urielli and Berchowitz [45] (Ideal 8.3 62.5 109.6 78.5
adiabatic model)
Urielli and Berchowitz [45] (Simple 6.7 52.5 69.20 50
model)
Formosa and Despesse [55] 6.08 52.9 53.5 51.1
Ahmadi et al. [56] 4.8 29.27 21.2 16.4
Timoumi et al. [57] 4.27 38.49 7.8 10
Ni et al. [58] 4.22 33 6.6 5.7
Ahmed et al. [59] 4.507 36.56 13.8 4.4
Toghyani et al. [60] 4.17 36.2 5.3 3.4
Bataineh [61] 4.12 39.5 4.05 12.9
Hosseinzade and Sayyaadi [62] 4.11 36.2 3.78 3.42
El-Ghafour et al. [63] 4.05 36.05 2.27 3
Current model 3.94 335 0.5 4.28
Experimental [45,55-63] 3.96 35

5. Results of simulation and optimization

As described, in this CCHP arrangement, the prime movers of the EF7
and the Ford-Phillips engines are used in a hybrid form. Also, the
specifications of the Ford-Phillips SE and the costs of the components of
the CCHP system are presented in Tables 5 and 6, respectively. The total
cost of the components of this arrangement is estimated at $ 178,300.

In this part, the influence of the parameters of the SE and the ICE on
the performances of the CCHP system is analyzed. The working pressure
of the SE is 10 MPa, the input energy of the SE is obtained from the
burning of natural gas, and the fuel consumed by the ICE is natural gas.

5.1. Effect of the Stirling engine’s parameters

5.1.1. SE speed

As the thermal energy input to the Stirling engine (SE) heater in-
creases, the engine speed increases, and as the engine speed increases,
the engine power and capacity are enhanced. However, on the other
hand, increasing the engine speed causes increased friction and heat
losses in various parts of the engine, which can have negative effects on
energy efficiency. Thus, it is better to carefully examine the effect of this
parameter on the performance of the entire system.

In Fig. 8a, the influence of the SE speed on the capacity (power,
heating and cooling loads) of the CCHP system based on the ICE and SE
is investigated. It is noteworthy that all other specifications of SE and
ICE are default during parametric analysis and the ICE speed is
considered to be 3500 rpm. By increasing the SE speed to 3700 rpm, the
maximum output power of the system can be achieved in the range of
118.41 kW, and after that, the decrease of power occurs because of the
rise of irreversibility. Also, the system heating and cooling capacities
always increases with the increase in the SE speed.

In Fig. 8b, the influence of the SE speed on the overall efficiency and
percentage of PES of the CCHP system is modeled. Considering that at
low speeds, SEs usually have a good thermal efficiency, so in this range
the overall efficiency will reach its maximum value of about 79 %. Also,
the highest amount of PES at 1000 rpm is reported in the range of 38 %.
However, at speeds higher than 5500 rpm, because the output power
drops and the SE has low efficiency, there is no saving in the primary
energy consumption, and the value of PES becomes negative. So in this
state, the consumption of primary energy of the CCHP system is greater
than that of the conventional system.

Also, if the CCHP system based on the Ford-Phillips SE is started
alone at high speeds (for example, at 4500 rpm), the overall efficiency of
the CCHP system is about 57 % [35]. By using the hybrid CCHP system
arrangement of this study, due to the introduction of the ICE, the overall
efficiency will reach nearly 64 %, at 4500 rpm for the SE, according to
Fig. 8b, which is strengthened by about 12 % compared to the overall
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Fig. 6. Schematic of the EF7 combustion engine [64].

Table 4

EF7 engine specifications [27].
Parameter Value Parameter Value
Cylinder numbers 4 Combustion start 326 deg
Piston stroke 85 mm Combustion duration 40 deg
Displacement volume 1645 cm®  Rotational speed range 1000-6000 rpm
Cylinder bore 78.6 mm Engine compression ratio ~ 11.2

efficiency of the standalone SE reported in Ref. [35]. Therefore, the use
of this CCHP arrangement has a more appropriate technical perfor-
mance at high SE speeds compared to Ref. [35].

In Fig. 8c, the power specific fuel consumption (PSFC) and the
overall specific fuel consumption (OSFC) of the CCHP system are
simulated at different speeds of the SE. It is clear that the PSFC is a
reasonable value at low speeds and grows at a high rate with increasing
speed due to the increase in losses, so that at 6000 rpm the PSFC is about
twice as much as at low speeds. However, because in calculating the
OSFC, in addition to power, the heating and cooling loads also have an
effect, and the heating and cooling loads always increase with increasing
speed, at 6000 rpm the OSFC of the CCHP system has grown by less than
50 % compared to its low speeds.

Fig. 8d illustrates the discounted payback period (DPP) of the CCHP
system with hybrid prime movers at different speeds of the SE, consid-
ering different rates for economic inflation. It is known that the shortest
DPP is always obtained at 3700 rpm, so without considering inflation,
the DPP is within 4.4 years. Also considering the average annual infla-
tion of 8 %, the DPP reached to 5.62 years.

It is noteworthy according to the results of Ref. [35], if the CCHP
system is used based on the Ford-Phillips SE alone at 3700 rpm, the DPP
without considering inflation is about 3.15 years. By using a hybrid
CCHP system arrangement (the model of this research), it has a weaker
economic performance due to the relative high cost of the ICE, and the
payback period is extended by about 1.25 years.

Also, according to Fig. 9, the effect of SE speed on the electrical
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Fig. 7. (a) Comparing the brake output torque of the current model with the
results of the Kakai and Karimi model [65], and the experimental tests [65],
and (b) Comparing the brake output power of the current model with the results
of the experimental tests [66].
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Table 5
The Ford-Philips SE characteristics [35].
Characteristic Value Characteristic Value
Working gas Hydrogen Length of tube 462
mm
Max. mean pressure 20 MPa Cooler
Clearance volumes Number of tubes 742
Expansion space 214.2 cm® Inside diameter of tube 0.9 mm
Compression space 214.2 cm?® Length of tube 87 mm
Swept volumes Regenerator
Expansion space 870.6 cm® Internal diameter 73 mm
Compression space 870.6 cm® Length 34 mm
Interr}al diameter of 73 mm Matrix wire diameter 36 ym
cylinder
Heater Porosity 0.62
Tube inner diameter 4 mm Matrix mesh size 200
Tubes number/cylinder 22 Nufnber of regenerators/ 2
cylinders
Table 6
CCHP system equipment purchase price [28,35].
Equipment Price ($/kW)
SE 300
ICE 1180
Heat exchanger 25
Electric generator 40
Absorption chiller 160
150
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efficiency, heating efficiency and cooling efficiency of the CCHP system
is presented. As the speed of the SE increases, the pressure drop in the
regenerator and cylinder of the SE increases, and a smaller percentage of
the heat energy entering the engine is converted into output power, so
the electrical efficiency always decreases as the speed of the SE in-
creases. However, the increase in pressure drop in the SE does not have
much effect on the heat output from the SE, and the heating and cooling
efficiency does not change much as the engine speed increases.

40
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Fig. 9. The effect of the SE speed on the electrical, heating and cooling effi-
ciencies of the CCHP system.
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Fig. 8. (a) The effect of the SE speed on CCHP system’s capacity, (b) The effect of the SE speed on CCHP efficiency and PES (c) The effect of the SE speed on PSFC and

OSFC and (d) The effect of the SE speed on the discounted payback period of the CCHP system at different economic inflation rates.
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5.1.2. SE phase angle

Increasing the phase angle on the one hand increases heat recovery
and on the other hand, decreases the compression ratio and engine
pressure. Therefore, increasing this parameter (phase angle) has oppo-
site effects on the engine performance and it is better to choose its
optimal ranges carefully according to the desired goals.

In Fig. 10a, the effect of the SE phase angle on the capacity (power,
heating and cooling loads) of the CCHP system is investigated. It is
noteworthy that all the parameters of the two engines are in default
conditions, and the speed of the SE and ICE are considered to be 3500
rpm, and only the phase angle of the SE changes. During the operation of
the SE, the volume changes of the expansion space must be ahead of that
of the compression space, which is defined by the phase angle between
the piston of the expansion and compression chambers. In default con-
ditions, the phase angle of Ford-Phillips SE is 90 degrees. It is note-
worthy that the phase angle in double-acting SEs can be changed with
the help of the phase angle controller mechanism and its optimal value is
determined according to the objectives of the problem [67-69]. Usually,
the optimal value of the phase angle for SEs is 90 degrees [67-69].

In the phase angle range of 87 degrees, because the engine
compression ratio is a suitable value, it is possible to achieve the
maximum output power of 118.29 kW. Also, with further reduction of
the phase angle to the range of 83 degrees, due to the shortening of the
thermal recovery duration, the system heating and cooling capacities
reach their maximum value of 86.8 kW and 67.03 kW, respectively.

In Fig. 10D, the overall efficiency and percentage of PES in different
phase angles are simulated. As the phase angle increases, the thermal
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recovery duration in the regenerator increases and the overall efficiency
and saving in primary energy consumption for the system always in-
creases. It is obvious that the CCHP system technically performs better at
high-phase angles.

Fig. 10c shows the effect of the SE phase angle on the DPP of the
CCHP system, considering economic inflation. Because the maximum
output power is within the phase angle of 90 degrees, it is possible to
achieve the maximum amount of savings in annual costs and the shortest
DPP, so in this condition, regardless of inflation, the DPP is equal to 4.4
years. When considering an inflation of 8 %, the DPP reaches about 5.63
years (Fig. 10c). From an economic point of view, the phase angle of
about 90 degrees for the SE is more suitable for the CCHP system.

5.1.3. SE regenerator porosity

On the one hand, increasing the porosity coefficient increases the
hydraulic diameter of the regenerator and reduces the pressure drop. On
the other hand, the increase of this parameter causes the reduction of the
heat transfer surface for recovery (reducing the effectiveness of the
regenerator) and the increase of dead volume (reduction of engine
pressure). Therefore, increasing this parameter can cause positive and
negative performance in the power and efficiency of the system, and
achieving its optimal value is very valuable.

In Fig. 11a, the influence of the regenerator porosity coefficient on
the CCHP system capacity is given. In this way, the optimal value of the
porosity coefficient to achieve the maximum amount of power according
to Fig. 11a has been reported in the range of 0.68, and the amount of
power in this condition reaches 123.5 kW. Also, an increase in the
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Fig. 11. (a) The influence of regenerator porosity coefficient on the CCHP system capacity, (b) The influence of regenerator porosity coefficient on the overall
efficiency and PES and (c) The influence of the regenerator porosity coefficient on the DPP of the CCHP system.

porosity coefficient due to increased dead volumes, reduces engine
pressure and capacity, and can reduce the heating and cooling loads
(Fig. 11a).

According to Fig. 11b, the optimal porosity coefficient to achieve the
highest values of the overall efficiency and the PES for the system is 69 %
and the selection of this range of the porosity coefficient is technically
more suitable for the CCHP system.

Fig. 11c shows the effect of the porosity coefficient on the DPP when
considering the annual economic inflation. In the condition that the
porosity coefficient is equal to 68 %, the capacity of the CCHP system
gets a suitable value. Also, if economic inflation is not taken into ac-
count, the DPP is calculated as 4.21 years, and if the economic inflation
rate is 8 %, the DPP is a little longer and reaches 5.33 years (Fig. 11c).

5.1.4. SE regenerator length

The rise of the regenerator length, on the one hand, increases the
heat transfer surface for recovery (increasing the regenerator effective-
ness) and increases the dead volumes of the engine (reducing the engine
pressure). On the other hand, increasing this parameter can increase the
flow friction in the regenerator. Therefore, increasing this parameter has
multiple effects on the CCHP performance.

Fig. 12(a) shows the effect of the length of the regenerator on the
capacity of the CCHP system. According to Fig. 12(a), the optimal length
to reach the maximum power is in the range of 20 mm, and in this
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condition, the output power reaches 125.53 kW. Also, with the increase
of the regenerator length, the heat recovery increases and the heat loss
decreases. On the other hand, the dead volume increases and the engine
pressure decreases. Eventually, an increment of the regenerator length
reduces the heating and cooling loads.

In Fig. 12(b) the influence of the length of the regenerator on the
overall efficiency and PES of the CCHP system is simulated. In the
condition that the regenerator length is 26 mm, the maximum overall
efficiency can be reached to the range of 69.8 %. Also, the highest
percentage of PES is achieved when the length of the regenerator is
equal to 28 mm. In this way, choosing the regenerator length in the
range of 26 to 28 mm can be more appropriate for the CCHP system.

In Fig. 12(c), the influence of the length of regenerator on the DPP of
the CCHP system is modeled by consider of the economic inflation. Al-
ways in the regenerator length of 20 mm, when the maximum amount of
output power is obtained, the shortest DPP of the CCHP system is ob-
tained, in such a way that without taking into account inflation and
taking into account 8 % inflation, the DPP is calculated 4.11 and 5.19
years respectively.

5.2. Effect of the ICE’S parameters

5.2.1. ICE speed
Atlow speeds in internal combustion engines, a greater percentage of
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Fig. 12. (a) The influence of the length of regenerator on the CCHP system capacity, (b) The influence of the length of regenerator on the overall efficiency and PES,

and (c) The influence of regenerator length on the DPP of the CCHP system.

the potential energy of the fuel input is lost through the engine walls,
and at higher speeds, the effect of friction in various parts of the engine
is more dominant, and determining the optimal speed is very important
to achieve proper performance of these engines.

In the following, the influence of natural gas-powered ICE parame-
ters on the CCHP performances is analyzed. It should be noted that the
SE is set at a constant speed of 3500 rpm and in default conditions. In
Fig. 13(a), the capacity of the CCHP system is presented at different ICE
speeds. It shows that the system capacity increases with increasing en-
gine speed. In Fig. 13(b) the overall efficiency and the PES of the CCHP
system in various speeds of the ICE are presented. The optimal value of
the ICE speed to achieve the highest value of the overall efficiency of the
CCHP system is usually in the range of 4000 rpm, and the overall effi-
ciency in this condition reaches nearly 70 %. Also, according to Fig. 13
(b), PES is maximized in the range of 3700 to 4000 rpm, and this range
of ICE speeds for the system can be more suitable from a technical
perspective.

In Fig. 13(c), the power specific fuel consumption (PSFC) and the
overall specific fuel consumption (OSFC) of the CCHP system are
modeled at different speeds of the ICE. The optimal value of the PSFC
reaches its lowest value in the range of 266.07 g/kWh when the ICE is at
3700 rpm. It is noteworthy that since the heating and cooling loads in-
crease with increasing engine speed, the optimal value of the ICE speed
to achieve the lowest OSFC is usually slightly higher and in the range of
4000 rpm.
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Fig. 13(d) gives the DPP of the CCHP system at various ICE speeds.
Since the maximum amount of system capacity is achieved at high ICE
speeds, the shortest DPP has been calculated in this range. Also, at 6000
rpm, without considering economic inflation and considering economic
inflation of 8 %, the DPP is calculated as 3.5 and 4.28 years, respectively.
So, the use of the CCHP system is economically more suitable in con-
ditions where the ICE speed is high. It should also be noted that at 3500
rpm without considering economic inflation, the DPP of the CCHP sys-
tem based on hybrid prime movers is 4.4 years (Fig. 13(d)). Also, in
Ref. [28], the CCHP system which derived by a gas ICE alone, the simple
payback period in this speed is nearly 6 years [28]. So, the model of this
study (CCHP with hybrid primer movers) reduces the simple payback
period by about 1.6 years compared to the CCHP system based on gas
ICE [28]. Note that in the CCHP system arrangement of this study, the
ICE and the Stirling engine were started in parallel, and each provided
part of the power and energy required by the entire system. However, in
the arrangement of Ref. [28], the combustion engine alone provided all
the energy of CCHP system. It is clear that the price of the SE is much
lower than the ICE according to Table 6, and in the conditions of Fig. 13
(d), the SE operates at 3500 rpm and has a suitable capacity considering
its price, which ultimately shortens the payback period of the system.
Therefore, using this arrangement of the CCHP system has a more
suitable economic performance compared to Ref. [28].

Also, according to Fig. 14, the influence of ICE speed on the electrical
efficiency, heating efficiency and cooling efficiency of the CCHP system
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is modeled. Given that in the middle ICE speeds (around 3500 rpm) a
smaller percentage of the thermal energy from combustion is released
through the engine wall and in this condition the friction in different
parts of the engine is not very high, in this condition the highest elec-
trical efficiency of more than 30 % is achieved. It is also clear that as the
engine speed increases, a smaller percentage of the energy from
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combustion is released through the engine wall and the heating effi-
ciency decreases with increasing ICE speed. On the other hand, since
increasing ICE speed causes the gases temperature from combustion to
increase and the heat output from the ICE always increases, the cooling
efficiency always increases with increasing engine speed (Fig. 14).

5.2.2. ICE ignition parameters

It is noteworthy that at high speeds, the spark must be fired a little
earlier than the scheduled time (the spark timing should be advanced) so
that the fuel in the cylinders burns on time and maximum power and
thermal efficiency is achieved. On the other hand, advancing the spark
timing too much can increase heat losses and reduce the engine’s power
and thermal efficiency. Also, duration of the ignition angle is another
important parameter of spark ignition engines. By shortening the igni-
tion duration, the ignition speed increases and the combustion power
increases. On the other hand, by shortening the ignition duration too
much, combustion is not completed and the combustion power de-
creases.Therefore, ignition parameters can have a significant impacts on
the performance of the entire CCHP system.

The ignition start angle is an operational parameter and can be easily
adjusted. However, the duration of the ignition angle can be changed
according to the characteristics of the fuel (combustion flame speed), the
characteristics of the spark plug and the geometry of the combustion
chamber. Fig. 15 shows the effect of ignition parameters on the output
power of the CCHP system. It should be noted that the other
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specifications of the engines are in the default state and the speed of both
engines is constant and equal to 3500 rpm. If the duration of the ignition
angle is shorter (fast combustion), a significant percentage of the energy
from combustion is converted into output power. Thus, if the duration of
the ignition angle is 35 degrees and the ignition starts after 344 degrees
of engine rotation (16 degrees before the top dead center (TDC)), the
maximum power of 122.39 kW can be achieved.

Fig. 16 shows the effect of spark timing parameters on the heating
load of the CCHP system. In a specific (fixed) ignition duration, as the
combustion time advances, the location of the highest ignition pressure
becomes further away from the optimal location of the highest ignition
pressure (usually it is located between 2 and 10 degrees after the TDC).
Finally, a significant percentage of the energy from the combustion is
lost through the engine wall and enters the engine cooling system. In this
way, advancing the ignition time causes an increase in heating load.
According to the results of Fig. 17, it is clear that the ignition parameters
do not have a special effect on the cooling load of the system.

Fig. 18 illustrates the effect of ignition parameters on the overall
efficiency of the CCHP system. Because advancing the ignition angle
causes an increase in the heating load, it is better to advance the ignition
start angle a little to achieve the highest overall efficiency. In this way,
the optimal value of the ignition start angle to achieve the maximum
overall efficiency of the CCHP system in the ignition start angle and
ignition duration is obtained at 336 and 35 degrees, respectively. In
these conditions, the maximum value of the overall efficiency of the
CCHP system has been reported to be 69.54 %.

In Fig. 19, the influence of ignition parameters on the PES of the
CCHP system is presented. Usually, in conditions where the engine has
high thermal efficiency, the highest percentage of saving in primary
energy consumption for the CCHP system occurs. In this way, at the
starting angle of ignition and ignition duration equal to 344 and 35
degrees, the highest PES of 28.26 % is achieved by the proposed CCHP
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system. Therefore, from the technical perspective, the duration of the
ignition angle equal to 35 degrees and the ignition start angle in the
range of 336 to 344 degrees are suggested for the proposed CCHP
system.

Fig. 20 shows the influence of ignition parameters on annual cost
savings (ACS) for the CCHP system. In the condition that the output
power is maximum, the maximum amount of annual profit can be
achieved. In this way, at the ignition start angle and ignition duration
equal to 344 and 35 degrees, more than 41,800 dollars in profit can be
achieved per year. This range of ignition parameters is economically
more suitable for the system. Also, in Fig. 21, the effect of ignition pa-
rameters on the DPP is simulated, by considering different economic
inflations and an ignition duration of 35 degrees. It is known that the
optimal ignition angle is in the range of 344 degrees, and with the
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increase in economic inflation, the DPP becomes longer.

In Fig. 22, the optimal Pareto front for overall efficiency and simple
payback period (SPP) without considering economic inflation as two
technical and economic objective functions for the current CCHP system
is presented. Also, the most optimal points are collected by Linamp’s
decision-making method in Table 7.

In the most optimal technical and economic conditions suggested by
the Linamp method, the power, heating and cooling loads are equal to
89.4, 48.68 and 41.84 kW, respectively. Also, in these conditions, the
overall efficiency, the percentage of PES and the investment payback
period without considering inflation and considering 10 % inflation
have been calculated as 79.63 %, 39.83 %, 5.75 and 8.97 years,
respectively.

Also, other characteristics of the CCHP system in optimal conditions

@ Pareto front

® Linmap

SPP (Year)
(=)}

Overall efficiency (%)

Fig. 22. The optimal Pareto front for the CCHP system for technical and eco-
nomic objective functions.
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in the case of 8 h of work per day are presented in Table 8, and the
payback period in optimal conditions is modeled in Fig. 23, taking into
account the inflation rate and the number of different operating hours. It
is clear that if annual inflation exceeds 10 %, the payback period in-
creases sharply. Also, if the system is used for more hours during the day,
the payback period will be shorter (Fig. 23).

6. Conclusions

In this research, with an innovative approach, a CCHP system was
modeled numerically with prime movers of the internal combustion
engine (ICE) and Stirling engine (SE), and the influence of the technical
parameters of these two engines, such as the speeds of the ICE and SE,
porosity coefficient and the length of the SE’s regenerator, SE phase
angle and ICE ignition parameters, on the CCHP technical and economic
performances were discussed. In summary, the results of this work are
summarized below:

e By using the arrangement of the CCHP system with the hybrid prime
movers, due to the suitability of the efficiency of the ICE, at high
speed for the SE, the overall efficiency of the CCHP system will reach
nearly 64 %, which has increased about 12 % compared to using a
CCHP system with only Stirling engine.

In the SE phase angle range of 87 degrees, because the compression
ratio is a suitable value, it is possible to achieve the highest output
power of 118.29 kW, the highest amount of savings in annual costs
and the shortest payback period. In this conditions, without
considering inflation, the SPP is equal to 4.4 years, and considering 8
% inflation, the DPP reaches about 5.63 years.

The optimal porosity coefficient to achieve the highest values of the
overall efficiency and PES for the system is 69 %, and the selection of
this range of the porosity coefficient is technically more suitable for
the CCHP system.

Because the maximum amount of output power is obtained in the
regenerator length of 20 mm, the shortest payback period of the
CCHP system in these conditions is obtained from the length of the
regenerator under the same conditions. Thus, the payback period
without considering inflation and considering 8 % inflation, has been
calculated as 4.11 and 5.19 years, respectively.

e The optimal value of ICE speed to achieve the highest overall effi-
ciency of the CCHP system is about 4000 rpm and the overall effi-
ciency of the CCHP system in this condition reaches nearly 70 %.
Also, the PES is maximized in the range of 3700 to 4000 rpm, and this
range of ICE speeds can be more suitable from a technical perspective
for the CCHP system. If the ICE speed is 3500 rpm, the CCHP system
based on the hybrid prime movers has a shorter payback period of
about 1.6 years compared to the CCHP system with only the ICE
prime mover.

In a specific (fixed) ignition duration, as the combustion time ad-
vances, the location of the highest ignition pressure becomes further
away from the optimal location of the highest ignition pressure and
finally a significant percentage of the energy from combustion is
wasted through the engine wall and enters the cooling system, and
heating load increases.

If annual inflation is more than 10 % and the number of operating
hours of the system is less than 6 h per day, the payback period will
be more than 15 years, and if annual inflation is less than 5 % and the
system operates for an average of about 8 h per day, the payback
period will be less than 7 years.

Compared with a natural gas-powered Stirling engine-based CCHP
system, the use of CCHP systems based on solar Stirling engines could
further reduce carbon dioxide emissions. An efficient, low-cost solar
concentrating collector being used to heat the Stirling engine will make
this solution attractive. Besides, the use of alternative fuels, including
hydrogen as a percentage of internal combustion engine fuel, can help
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Table 7

The optimal conditions for the CCHP system using the Linamp decision-making method.
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Objective Functions

Decision making variables (design parameters)

SPP (Year) Overall efficiency (%) @ () L, (mm) a (deg) 7y (rpm) 04 (deg) 0 (deg) N; (deg)
5.75 79.63 0.637 35.94 111.27 1352.89 42.23 337.84 3489.19
Data availability
Table 8
SpeC{f{catlons of the CCHP system in optimal Data will be made available on request.
conditions.
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