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Abstract: The environmental air pollution according to greenhouse gas emissions and significant demand for
electrical energy and water due to the growing population of the world can be mentioned as main challenges all
around the world. The current study proposes a new structure for energy-efficient microgrids to deal with on-
peak electrical energy load in summer days. Two ancillary services are considered in the proposed structure
including solar Stirling engine and diesel plant for decreasing the successive outages of interconnected energy
network in extremely hot weather status and eliminating massive blackouts. Such services are effective solutions
to provide load and minimize the whole energy procurement cost as production-side management strategies. The
objective of the proposed model is to minimize the fuel cost of the diesel plant and the cost of generated electricity
by the local power network considering technical limitations of the combined diesel-Stirling electricity supply
system. The optimal employment of solar-based Stirling cycle and diesel engine in providing summer peak power
load are evaluated in terms of economic-environmental aspects by applying the model on a test case microgrid,

which verifies high performance of the model.
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1. Introduction

The global concerns on air pollution due to greenhouse gas
emissions and increasing energy and water demands considering the
rising population of the world have made significant challenges for
many countries. It is estimated that buildings account for almost
40% of primary energy and 36% of emissions of greenhouse gases
[1]. Renewable energy resources based microgrids can provide
energy demand close to consumers without transmission and
distribution infrastructures. This cause considerable mitigation in
transmission and distribution costs and power losses. The
integration of renewable energies with traditional generation
facilities reduces negative environmental effects of fossil fuels
(ozone depletion, pollution, and acid rains). Reliability and
intermittency of renewables are two significant drawbacks.
Atmospheric and geographical conditions make a significant effect
on the efficiency of solar, wind, tidal, etc. based microgrids.

Therefore, incorporation of more reliable power generation units such
as diesel engines overcomes uncertainties associated with their daily
and seasonal variations. Also, the design of zero energy buildings
(ZEBs) as a promising solution for the environmental and economic
issues in the world is an important subject in the developed countries
because of its effectiveness in reducing electrical energy and water
consumption [2, 3]. Because electrical energy is generally produced
by using fossil fuels which one is the main contributor to greenhouse
gas emissions, the design of ZEBs will have a positive influence on
reducing the pollutant gases emitted to the environment. Additionally,
the design of the ZEBs will benefit us in terms of electricity bills since
the allocation of renewable energy sources such as photovoltaic cells
installed on the roof, glasses and ground, and wind turbines will be
sufficient to supply the required electrical energy of the building. Also,
the water management methodologies and water sustainability
features are effective in decreasing the utilization of water sources [4].
Such methodologies and features are effective in increasing the water
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sources for future communities and decrease water costs [5, 6]. In
recent decades, researchers have tried to propose different
methodologies to overcome environmental and economic issues
associated with the performance of residential buildings over the life
cycle mainly by focusing on environmental-friendly and efficient
designs of ZEBs. Such buildings have been introduced as a
sustainable solution to decrease the building demand and pollution
emissions by using renewable energy sources and energy storage
systems [7] which will result in less electricity consumption in
comparison with traditional buildings.

Researchers have made significant efforts for improving the
efficiency and design of ZEBs using various methodologies and
strategies. An energy-based approach for ZEBs has been introduced
in [8] to simplify the decision-making procedure, where the
advantages of this method for residential’s heat comfort level and
energy efficiency indexes are investigated for a case study. The
authors have aimed to determine an optimal and near ZEB solution
based on the European energy performance of buildings directive
(EPBD-recast 2010) in (EPBD-recast 2010), which is applied to a
case study in Finland, and the effect of design-variable integrations
have been evaluated. A new multi-story residential ZEB has been
presented in Denmark in [9] for investigating the index of energy
efficiency and renewable resources, where various configurations of
a photovoltaic system and heating equipment have been studied.
The authors have studied phase change materials (PCMs) as a
passive approach to be integrated to near ZEBs for absorbing extra
heat during the day and releasing the heat stored during the night
[10]. In [11], the authors have discussed the reconstruction and re-
use of an exhibitive energy-efficient building, which is known as a
case study of a building with high efficiency. A combination of
thermal energy storage in nearly ZEB is introduced in [12] for
application of PCM into storage tank, where enough building
heating and cooling is made by increment of on-site utilization of
self-supplied solar power and integration of PV, power storage, heat
pump, heat storage, and energy management system of the building.
The energy performance of a near ZEB with PV cells considering
electrical and heat storage systems is analyzed in [13], where rule-
based control methodologies are applied for simulating the
operation of storage systems. An energy-exergy-environment-based
structure is proposed in [14] for the heat pump refrigeration cycle to
apply in large residential buildings. The introduced design in this
reference employed a solar Stirling engine [15] to provide the
electricity required by the heat pump. Also, an adiabatically
compressed air energy storage system is used for storing the excess
of power at off-peak time intervals and consumes it at on-peak time
intervals. In [16], a ZEB based on photovoltaic thermal technology
and a ground source heat pump has been proposed, which has
employed a geothermal heat pump for supplying domestic hot water
and heating load of the building.

On the other side, different methods have been proposed for
improving the economic indexes of microgrids. The authors have
studied optimal power flow in electrical energy systems considering
multiple-fuel options and prohibited operating zones in [17] using a
solver-friendly mixed integer nonlinear programming, which has
been verified on both small-scale and large-scale systems. In [18],
hybrid price-based demand response has been proposed for the day-
ahead scheduling of residential microgrids, where the uncertain
nature associated with plants and load are investigated, and the
effect of the proposed demand response program on the load profile
has been evaluated. The application of fuel-cell to store hydrogen
and CHP plants for simultaneous power and heat generation in
micro-grids has been studied in [19] considering uncertainties of the
grid including the load and power market. A robust model for the
operation of microgrids has been proposed in [20] to deal with the
worst-case condition of the system against power market price
uncertainty, where the profit of the system is increased considering

heat and power resources. An optimization model for optimal
operation of an integrated heat and power network is investigated in
[21] concerning uncertainty issues of electrical load, where demand
response programs are considered for smoothing the load pattern. The
authors have presented a novel optimization strategy for operation of
reconfigurable microgrids with the ability of islanding from the main
grid in [22], where a chance-constrained formulation is proposed to
minimize the whole operation cost of the system. The authors have
proposed a smart transactive energy model in [23] for home
microgrids with the capability of collaborating with each other in the
energy market, where the optimal operation of energy sources in the
studied system is attained by allocating profit with the formation of
the coalition. A hierarchical energy management system for multiple
home energy hubs in the neighborhood grid has been introduced in
[24], which aims to maximize the profit of the system and shave the
upstream network on-peak demand by appropriate power
generation/storage decision-making method. In [25], a stochastic risk-
constrained scheduling model is proposed for autonomous microgrids
considering reliability and economic analysis, where the maximization
of the expected profit of the microgrid is the main objective of the
proposed model. The authors have studied optimal energy
management of micro-grids with hydro and thermal generation
sources in [26] by applying robust optimization model to increase the
benefit of the micro-grid when selling power to the market. The
integration of power to gas (P2G) system to coupled gas and power
systems has been evaluated in [27] through an economic analysis of
the system considering price-responsive shiftable demands, where the
P2G has been proven to be effective for increasing dispatch of wind
power in the power system.

Comparing to the reviewed publications in the area of ZEBs and
the operation of micro-girds, this study aims to propose a model for
handling on-peak demand on summer days by introducing a novel
approach. The current research presents a new methodology to supply
the on-peak demand for electrical energy during summer days. Two
ancillary services consisting of solar Stirling engine and diesel system
are included in the proposed model as shown in Fig. 1 in the proposed
model. These services are promising ways to supply demand and
decrease total energy procurement costs as supply-side management
approaches. The proposed model is solved by implementing
COUENNE tool in the General Algebraic Modeling System (GAMS)
software considering a series of technical limitations of combined
diesel-Stirling units. The effectiveness of the proposed model is
evaluated by analyzing the simulation results on a test case in terms of
economic and environmental aspects. The outcome of this research
will help the power system operators in providing summer on-peak
energy demands with advantages of both the economic daily saving of
the system and decreasing the maximum energy load of the main
electrical energy network. The main contributions of this study can be
listed as follows:

« Investigating the optimal application of a solar-based Stirling
cycle and diesel engine in supplying summer peak power demand.

» Reducing the successive outages of the integrated energy
system in extremely hot weather conditions and removing massive
blackouts.

» Minimizing the fuel cost of the diesel unit and the produced
power cost of the local power system.

» Studying energy management of the system by considering both
economic and environmental aspects.

This paper is organized as follows: the problem formulation has
been given in Section 2. The case study for the proposed ZEB model
and simulation results have been provided in Section 3. Finally, the
conclusion of the paper is given in Section 4.
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Fig. 1. The proposed scheme for the studied microgrid
2. Problem formulation

Equation 1 can be used for determining the usable heat gain of dish
collector concerning the losses during conducting, convicting and
radiating processes [28].

Oy = Al = A[h(Ty, —To) + &8T5 T M)

where, | and Aapp are the respective indicators of direct solar flux

intensity and collector aperture area. Moreover, 7o and h are the
collectors optical efficiency and heat transmission coefficient during
the conduction/convection practice. The area and average of

absorber temperature are A, and T, . Also, T,, ¢ and & are

ambient temperature, collector emissivity factor and Stefan’s
constant.

The thermal efficiency of the dish collector 7, is computed as (2)
[29]:

9 1

ns= =T _7[h(THa\,E ~To)+ 55(T:ave _T04)] 2
1A, IC

2.1 Regenerative heat losses

It is worth to mention that a bounded heat transmission exists in the

regenerative heat transfer that can be formulated as [30]:

Qr = nCng (Th _Tc) (3)
where AQr is the heat loss in two-cycle regenerative operations.
Based on (3), we can write [30]:

AQr = nCv(l _gR)(Th _Tc) (4)
where, n and Cy are the respective indicators of mass and heat
capacity of working fluid in mole in regenerative operations. Also, er
is the regenerator productivity, and Tn and Tc are the respective
temperatures of working fluid in hot and cold places. We cannot
neglect the time duration of the regenerative process in comparison
with two isothermal processes concerning the irreversible impact of
finite-rate heat transition [31]. To compute it, we can assume that
working fluid is a function of time duration as (5) [31]:

dT

ol ®)
The ratio constant M is a function of a property of regenerative
substance known. Moreover, * sign is used for determining heating
(i=1) and cooling (i = 2) processes [31].

T-T
t,=-—1—-2 6
" ©
T -T
t, = 1|\/| = (7

2.2 Source heat released and sink heat absorbed

The heat released/absorbed of the interplay between working fluid
(Qn) with a heat source for released heat and with a heat sink (Qc) for
absorbed heat, can be attained using equations (8) and (9) [32]:

Q, =MRT,LnA+nC, (- £)(T, -T.) ®

Q. =nRT.LnA+nC,(L-&)(T, -T,) ©)
Also, we have:

Q =[ Cuu (To, ~ o)+ £Cutiy (Tt —T) It (10)
Qc = CLgL(TC _TLl )t1 11)

Where, Ch/CL shows heat capacitance rate for heat source/sink for
external fluids.

g, =1—e™M (12)
g =1-e™ (13)
Where, en and eL are the productivity of high/low-temperature heat
exchangers. Also, NL and N define cyclic periods calculated by
N =U A /C_ Ny =UyA, /Cy . The cyclic interval t is as (14)
based on (3)-(11).
_ nRT,LnA+nC, (1-&)(T,-T,)
Cuén (THI -T.) +¢Ce, (Tl-t -Th4)
NRT.LnA +nC, (- £)(T, -T.) +[1+1J(Th 1)
Ce (T.-Ty,) M, M,
2.3 Heat losses between source to sink
Losses of heat bridging between sink and source are directly based on

the mean temperature difference between sink and source and cycle
time, which is as [32]:

(14)

Q =K (THave _Tl_dve )tcycle (15)
Ty + Ty
=——2= 15a
Hae 2 ( )
T +T,
T (15b)
Moreover, we have [33]:
T, =Q-&)T, +&4T, (15¢)
T, =A-&)T, +&T, (15d)
So, based on (15a)-(15d), we have:
K
Q= 7[(2 —) T (2-2)T, +(auTy =& T,) [ty (16)

The sheer released/absorbed heat from/by the source/sink, which is
indicated by Qn/QL can be defined as:

QH = Qh + Q (17)
Q=Q.+Q (18)

The output electricity, heat efficiency, and supply of engine concerning
the cyclic time of the Stirling engine can be computed as:

W_Q-Q
P=7 t 9
QH - QL
_ 20
A Q. (20)
_1 Q. Qq
o= . [TLM » ] (22)

Considering (3)-(14), we can have (19) and (20):
Py = R(T, ~T)LNA/ nRT,LnA + nCV(l—gR)(ThA—TC)4
Cuén (TH1 _Th)+§CHgH (THl =T )

(22)
+nRTCLn/1+nCV(1—gR)(Fh—Tc)+[1+1](Th_TC))
CLSL(Tc_TLl) M, M,
1, =nR(T, —T,)LnA/ (nRT,LnA +nC,(L— & )(T, - T.) +
(23)

K
SL@=aTy —@=2)T, + T, - aT) Jtu)

The lower limit of heat efficiency of total solar-dish Stirling engine can
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be attained based on thermal efficiencies of collector and Stirling
engine, as [28]:

nm = ’7577t (24)
2.4 Model of diesel engine

A diesel engine is employed in this study as a second back up power
source. A minimum output for diesel power as 30% of diesel nominal
power is considered for the operation of the diesel to eliminate the
operation of the diesel at high load. The diesel engine will run at the
minimum bound when the power needed is lower than the minimum
amount, while the extra generated power will be sold to the power
grid. It will be shut off if no power is needed. The hourly fuel
consumption of the diesel generator, Fg, is defined as (25) [34].

FG=BGXPDC+AG><PG (25)

Also, Pp and P; are the respective indicators of nominal power and
hourly power output of the generator. 4; and B, are the fuel curve
slope and the fuel curve intercept coefficient, respectively.

2.5 Obijective function and constraints

The objective function of the system, which is the minimization of
the fuel cost of diesel engine and the cost of power purchased from
the upper grid, can be written as (26). The technical limits and the
operational constraints of the proposed microgrid are fulfilled
considering (27)-(32) in the optimization process.

OF = %illtteplguy + Z%il’lfuelFGt (26)

In which, OF is the objective function, A% and Pguy are the hourly
power price and the power purchased from the main grid, and Az,
is the diesel fuel cost, which is almost constant 1.24 $/L.iter. Also, the
fuel consumption of the diesel is indicated by F¢.
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Fig. 3. Daily variations of direct solar flux intensity, 1 [35]

Table 1. The technical specifications of the solar Stirling engine [32]
and the diesel generating unit [34]

P{ < P¢ + P§ + Ply, (27)
P < Ppc (28)
Nk = 0.3 (29)
Y2 Ph, <0 (30)
800 < Tj, < 1050 (31)
400 < T, < 510 (32)

Where, Pp is the nominal power of a diesel.

3. Numerical result and discussions

As mentioned in Section 1, the use of solar Stirling engine and
diesel generation units leads to a significant reduction of the
electrical power purchased from the local power system, because
increasing the rate of direct solar flux intensity and ambient air
temperature increases both energy demand and output Stirling
power. Therefore, optimal short-term coordination of solar dish
Stirling heat engine and a diesel generator is proposed to procure
on-peak electricity demand in summer. GAMS is used to simulate
the non-linear programming problem (1)-(32) and minimize the
total fuel cost of the diesel generation unit and the cost of power
purchased from the upstream energy network over the 24-h study
horizon. For this purpose, the maximum power consumption of the
benchmark microgrid during the hottest summer day is considered
in the optimization problem, as shown in Fig. 2 [14]. It is assumed
that the direct solar flux intensity, I, changes as shown in Fig. 3 [35].
Moreover, other constant factors related to the solar dish Stirling
engine [32] and diesel unit [34] are reported in Table 1. Figure 4
demonstrates the hourly changes in the electricity price during the
sample summer day [36].
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Fig. 4. The hourly energy tariffs over the study period [36]

The decision variables of the optimization problem are considered as
follows: The value of the power purchased from the local power grid, Pguy,
the output power of the solar Stirling cycle, PE, the power generation of the
diesel unit, P}, the working fluid temperatures in the cold space and heat
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urce, T, and T, the cyclic interval t, the thermal efficiency of the dish
llector, 7., the thermal efficiency of the Stirling engine, 7,, the

maximum thermal efficiency of the solar dish Stirling heat engine, 7, ,

the secondary temperature of the working fluid in the heat source, T, ,

the average temperature of the working fluid in the hot space, T, , the

secondary temperature of the working fluid in the cold space, T, , and

the average temperature of the working fluid in the heat sink, T__, are

selected as the decision variables of the optimal short-term scheduling
problem. The convex over and under envelopes for nonlinear estimation
(COUENNE) tool of the GAMS software is employed for finding the

be

st operating point of the Stirling-diesel hybrid power generation

microgrid. The optimum values of the decision variables related to the

SO

lar dish Stirling cycle during the sun radiation period (from t = 7 to

t = 19) are presented in Table 2.

Table 2. The decision variables related to the Stirling heat engine
during the solar irradiation time interval

Th Tc s T M TH 2 TH ave TLz Tl'dve PSI

1015| 410 | 0.574|0.523| 0.3 | 1072|1186 | 386 | 338 | 98.96

1042 | 457 |0.605|0.496| 0.3 | 1093|1196 | 424 | 357 |106.72

© | oo |

1037 | 510 | 0.7030.454|0.319| 1089 | 1194 | 466 | 378 | 109.35

1037 | 510 |0.744|0.454 | 0.338| 1089 | 1194 | 466 | 378 |109.35

11

1037 | 510 |0.766 | 0.454 | 0.348 | 1089 | 1194 | 466 | 378 |109.35

12

1037 | 510 |0.796 | 0.454 | 0.362 | 1089 | 1194 | 466 | 378 |109.35

13

1037 | 510 | 0.81 | 0.454|0.368| 1089 | 1194 | 466 | 378 | 109.35

14

1037 | 510 | 0.756|0.4540.343| 1089 | 1194 | 466 | 378 | 109.35

15

1037 | 510 | 0.72 |0.454|0.327 | 1089 | 1194 | 466 | 378 |109.35

16

1037|510 | 0.7 |0.454|0.319|1089 | 1194 | 466 | 378 |109.35

17

1040 | 504 |0.652| 0.46 | 0.3 | 1092|1196 | 461 | 375 |109.26

18

1043 | 484 | 0.63 |0.476| 0.3 | 1094|1197 | 445 | 367 | 108.6

19

1027 | 423 |0.581|0.517| 0.3 |1081|1190 | 396 | 343 |101.86

As expected from relation (2), the thermal efficiency of the dish
collector 7, increases while increasing the direct solar flux intensity,
I. This causes the improvement of the heat efficiency of the entire solar
Stirling cycle, n,, , as formulated by (2), (23) and (24). It is obvious

that increasing of thermal efficiency of solar Stirling engine causes its
output power production increases and vice versa. It is obvious from
Fig. 3 and Table 2 that if the direct solar flux intensity increases, the
maximum thermal efficiency of the entire solar dish Stirling cycle will
increase while improving its power output. Moreover, the solar
Stirling engine is able to produce 109.35 kW power as its capacity
from t =10 to t = 16. According to Fig. 2, the peak electrical
demand of the benchmark microgrid is 87.745 kW, which occurs at
hour 20. Meanwhile, the generation capacity of the diesel unit is
assumed to be 15 kW. Therefore, the diesel generating unit cannot
supply the energy consumption of the test system. In the same manner,
there is no sufficient solar irradiation fromt =1tot = 6 andt = 20
to t = 24. Hence, the output power of the solar Stirling engine is equal
to zero within these time intervals. Therefore, the Stirling engine
cannot support the electrical load at these periods. Accordingly, the
diesel unit and the solar dish Stirling engine are optimally co-
scheduled during the sample day. As shown in Figs. 5 and 6, if the

diesel unit consumes 4.912 Liters fuel to produce 15 kW at hours 8 and
9 and 2.635 Liters to generate 5.746 KW in time 17, the objective cost
function will reduce from $58.8 to $43.3. In other words, without the
application of solar Stirling engine and diesel producer, the total
electrical demand of the test system will be supported by the local power
grid that causes $58.8 daily energy procurement cost. When these units
have co-operated for satisfying demand, the diesel unit participates in
the load procurement process at hours 8, 9, and 17. Besides, the Stirling
engine is able to produce the surplus power for selling to the local power
grid during the solar irradiation period. Therefore, the value of the power
purchased from the main energy network is negative that indicates the
power sold to the upstream grid and obtaining $3.8 over the study
horizon (X#2, ALP,, = $3.8), as illustrated in Fig. 7. The optimum
daily fuel cost of the diesel unit is $47.2 (X272, Apyei F = $47.2). This
results in $58.8 + $3.8 —$47.2 = $15.4 cost saving in the daily
operation cost of this microgrid. The calculation time of the optimization
problem in all cases is less than 2 seconds. Integration of solar dish
Stirling heat engine with diesel generator not only make it possible to
generate power at night and when solar irradiation is insufficient, but
also causes significant cost saving over summer days. Moreover, it will
be possible to procure some of the on-peak electrical demand in the
summer and flat load curve. As future trends, uncertainties associated
with solar direct flux intensity, electricity rates, and demand can be
studied using stochastic, probabilistic, info-gap modes, game theory, etc.
Moreover, thermal energy storage systems can be integrated with a solar
Stirling engine based microgrid to improve its efficiency and reliability
and make it possible to produce power at all hours.
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4. Conclusions and future trends

This paper presented a novel framework for supplying on-peak
electrical demand in summer. To reduce successive outages of the
interconnected electricity system in extremely hot weather
conditions and prevent massive blackouts, two ancillary services
including solar Stirling engine and diesel unit are proposed for
supplying demand and minimizing total energy procurement cost as
generation-side management strategies. The proposed method
aimed at minimizing the fuel consumption cost of the diesel unit
and the cost of electrical power procured by the local energy grid
considering the technical limits of the diesel-Stirling integrated
power generation system. It is proved that the optimal application
of a solar-driven Stirling cycle and diesel engine in supplying
summer peak energy requirement of test microgrid not only resulted
in $15.4 economic daily saving for the owner but also reduced the
maximum energy demand of the main power system. Moreover, the
increasing pattern of ambient air temperature and direct solar flux
intensity caused a significant improvement in the output power of
the Stirling engine as well as its maximum thermal efficiency. In
other words, the coefficient of performance of the diesel-Stirling
engines-based power generation system increased as the solar
irradiation increased and vice versa, which revealed the economic-
environmental benefits of the presented network.
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