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Abstract

Micro-combined heat and power systems (Micro-CHP) are expected to play a major role in reducing carbon dioxide emission,
increasing the primary energy and economic saving in the future. In this paper, the optimal planning of a residential Micro-
CHP system for a single-family house situated in Iran is investigated. In order to achieve this target, a new mixed-integer
linear programming model is developed. Mathematical modeling and optimization were carried out for the Micro-CHP system
using natural gas, at the residential building level and for three different operating strategies, cost-driven, primary energy
driven, and carbon emission driven. Three competing objective functions are simultaneously minimized using an augmented
e-constraint optimization algorithm. This work has multiple novelties, containing the consideration of some economic and
technical constraints previously neglected, such as the energy, economic, and environmental effects of replacing conventional
energy systems with a residential Micro-CHP system and the effects of integrating an electrical heating element for storing
thermal energy (electrical heating element can act as a power sink when required). A detailed case study on a residential
building situated in Tabriz city, Iran, was carried out by applying the developed model and the optimum strategies and optimal
sizes for Micro-CHP, axillary boiler, and other equipment are obtained. Results have shown that the optimal values of CSR,
PESR, and ERR, in the augmented e-constraint method, were 12.46%, 1.19%, and 88.38%, respectively. In this case, the
obtained result for a nominal capacity of Micro-CHP and boiler was 3.6 kW and 1.05 kW, respectively. Finally, the payback
period was obtained for 2 years. Furthermore, to understand the influence of key parameters on the planning of the Micro-
CHP system, the sensitivity analysis has been performed on energy prices. Sensitivity analysis of electricity price indicated
that, by increasing the electricity price, the overall annual cost-saving value clearly increases, while increasing gas prices
significantly reduces the profitability index.
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Nomenclature pOFCHP Operation cost of Micro-CHP ($)
pTCHP Total cost of residential Micro-CHP system pOFBoiler Operation cost of boiler ($)

)] pGasCON Cost of purchasing gas for separate system
pTCON Total energy costs of a separate system ($) &)
oON Investment cost of the separate system ($) 0’ Cost of buying electricity from the grid ($)
o<HP Investment cost of Micro-CHP unit ($) S Benefit of selling electricity to the grid ($)
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sTank Investment cost coefficient of storage tank ($/ HR Heating ratio (kWh/m?)
kw) y/Tank Volume of storage tanks (m?)
gRCHP Maintenance cost coefficient of Micro-CHP n’ Efficiency of boiler (%)
($/kWh) 7' Efficiency of building heating equipment (%)
gRBoiler Maintenance cost coefficient of boiler ($/ n¢ Average efficiency of power plants (%)
kWh) ng’id Transmission and distribution efficiency (%)
NRCHP Nominal capacity of Micro-CHP (kW) nectP Electrical efficiency of Micro-CHP (%)
NRBoiler Nominal capacity of auxiliary boiler (kW) n'cHP Thermal efficiency of Micro-CHP (%)
NRTank Nominal capacity of the storage tank (kW) NRes Electricity to heat converting efficiency in
NRBoilerCON Nominal capacity of auxiliary boiler in a electrical heating element (%)
separate system (kW) k Steps of consumption
GE(?ZP Electricity generated by Micro-CHP (kWh) T Upper bound of water storage temperature
GH%P Heat produced by Micro-CHP (kWh) (°C)
GES;S Electrical energy consumed by the electrical T Lower bound of water storage temperature
heating element (kWh)  Res 0)
Ggh Total electrical energy purchased from the Maximum electric power of electrical heating
grid (kWh) element (kW)
Gj A Total electrical energy sold to the grid (kWh) o Heat loss coefficient (h™!(
TEoer Generated heat of boiler (kWh) NEmCHP Minimal commercial capacity of Micro-CHP
TSICHP Heat generated by Micro-CHP, stored in the (kW)
’ storage tank (kWh) Mttbig Big enough parameter
Tgf;l’ Heat stored in the storage tank (kWh ( Y gas Carbon intensity of the natural gas (kg/m>)
bg‘h Binary variable for charging the storage tank Yele Carbon intensity of the grid (kg/kwh)
bg‘;l’ Binary variable for discharging the storage CSR Cost-saving ratio (%)
tank PESR Primary energy saving ratio (%)
C Specific heat of water (kJ/kg °C) ERR Emissions reduction ratio (%)
ETCHP Energy consumption of Micro-CHP (kWh) Payback ~ Payback period (year)
Econ Energy consumption of separate systems P Density of water (kg/m?)
(kWh)
CEcon Emission of a separate system (kg)
CECHP Emission of Micro-CHP (kg) Introduction
08¢ Cost of buying electricity from the grid in the
conventional system ($) At the present time, many countries are developing sustain-
Tg,‘:’ Heat discharged from the storage tank (kWh) able energy policies to increase the overall energy conver-
Té”h Heat input to the storage tank (kWh) sion efficiencies and reduce emissions. So, technologies
ngH P Heat generated by Micro-CHP for using in such as Micro-CHP, which has been promoted during the
building last years, become an absorbing alternative to conventional
T"zzﬂe’ Heat generated by boiler (kWh) energy systems for providing energy demands in residential
T}zzs Heat produced by electrical heating element buildings. Cogeneration (also known as combined heat and
(kWh ( power), CHP is the simultaneous production of electrical or
Kf A Electrical load (kWh) mechanical energy (power) and useful thermal energy from
Kg A Space heating load (kWh) a single energy stream such as oil, coal, natural or lique-
Kg‘;f/h Hot water load (kWh) fied gas, biomass, or solar (ASHRAE handbook - heating,
wj’; Power consumption tariff ($/kWh) ventilating and air-conditioning systems and equipment
wgzs Gas price ($/m?) (I-P edition) 2008). Cogenerations are not a new concept.
wj’h Selling price of electricity to the grid ($/ Industrial plants go to the concept of cogeneration back in
kWh) the 1880s when steam was the initial source of energy in
Bfrfe Monthly base fee for electricity price ($) industry, and electricity was just surfacing as a product for
m Number of months (12) both power and lighting (ASHRAE handbook - heating,
d Number of days (365) ventilating and air-conditioning systems and equipment (I-P
h Number hours (24) edition) 2008). The use of cogeneration became usual prac-
1 Interest rate tice as engineers replaced the steam-driven belt and pulley
T lifetime of each system (year) mechanisms with electric power and motors, moving from
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mechanical powered systems to electrically powered sys-
tems. In the early 1900s, as much as 58% of the total power
produced in the USA by on-site industrial power plants was
appraised to be cogenerated (ASHRAE handbook - heating,
ventilating and air-conditioning systems and equipment (I-P
edition) 2008).

Micro-CHPs have many functional, economic, and envi-
ronmental advantages. A micro-CHP system can be inte-
grated with various primary energy resources which consist
of natural gas, wind, biomass, solar, geothermal energy, and
other renewable energy resources (Zheng et al. 2018).

A wide variety of technologies could be used for Micro-
CHP systems compared with the conventional energy sys-
tems, so it is considered the most promising technology
which can achieve energy conversion efficiency up to 90%
(Zheng et al. 2018).

Despite all the above advantages, the optimal design and
operation of a Micro-CHP system will not a simple task
(Karmellos and Mavrotas 2019). The determination of nomi-
nal capacity, the selection of technology combination, and
the optimization of operation strategies to fulfill the energy
demands needs a great amount of effort. Considering the
complexity and difficulty of such process, there is too much
interest in the performance evaluation and systematic analy-
sis of Micro-CHP systems (Karmellos and Mavrotas 2019).

Literature Review

Many recent researches have been carried out to find the
optimal operation of the Micro-CHP system, such as Bar-
bieri et al. (Barbieri et al. 2012a) and Mongibello et al.
(Mongibello et al. 2013), while others worked on the sched-
uling optimization of these systems (Mongibello et al. 2014).
In (Merkel et al. 2015), an optimization model has been
developed to determine the optimal capacity of residential
Micro-CHP systems. The results have shown that optimal
sizing and operation of a Micro-CHP system coupled with
an auxiliary boiler and a storage tank can result in an annual
cost saving of above 30%. Shaneb et al. (Shaneb et al. 2012)
determined the optimal operation strategy of a Micro-CHP
system. In this paper, an optimal online operation strategy is
presented for the Micro-CHP system, which is more efficient
than the aforementioned conventional pre-determined opera-
tion strategies. A generic optimal online linear programming
(LP) optimizer has been developed for operating a Micro-
CHP system. This optimizer is capable of minimizing the
daily operation costs of this system. Three different simula-
tion scenarios have been investigated: the new feed-in tariff
(FIT) scheme; the trade of electricity; the introduction of a
carbon tax. Results have shown that, in all three investigated
scenarios, the optimizer significantly reduces operation
costs compared to the conventional pre-determined opera-
tion strategies. Therefore, the optimizer has the potential to

deliver significant energy savings in practice. Barbieri et al.
(Barbieri et al. 2012b) have performed an energy and eco-
nomic analysis with respect to the primary energy savings
and payback period. Their analysis was applied to two sin-
gle-family dwellings, to determine the optimal thermal size
of the CHP plant. Conroy and Duffy (Conroy et al. 2014)
evaluate the economic, energy, and carbon dioxide emissions
performance of a Micro-CHP unit for use in a conventional
house in Ireland. Results have revealed that using Micro-
CHP can lead to 180€ annual cost-saving, 13.8 years pay-
back period, and 16.1% reductions in carbon dioxide emis-
sions compared to a conventional gas boiler. Caliano et al.
(Caliano et al. 2016) analyzed the economic optimization of
a Micro-CHP system for a residential building in Italy. The
system followed two heat-led operational strategies com-
prised of limiting the Micro-CHP’s production to the heat
loads and having heat dumping. The effect of heat dumping
on the optimized operation schedule and feasibility of the
economic optimization operation of the Micro-CHP system
have been investigated for both operation strategies. Zheng
et al. (Zheng et al. 2016) developed a simulation model for
a Micro-CHP unit based on an internal combustion engine.
Dynamic processes such as startup cool down and overheat
protection controls are considered in the model. The results
have shown that the primary energy saving ratio and CO,
emission reduction ratio increases with the increase of the
start-stop interval. When the start-stop interval is shorter
than a certain value, the energy consumption and CO, emis-
sion of the micro-cogeneration unit would be larger than that
of a conventional system. As a result, the start-stop interval
for the unit in this paper is considered longer than 0.5 h
(Zheng et al. 2016). Some previous researchers (Alahaivlaa
et al. 2015; Houwing et al. 2011; Blarke 2012; Cao et al.
2013) have indicated that residential Micro-CHP systems
can be more flexible if it utilized an electrical heating ele-
ment to charge a thermal storage unit whenever the price of
electricity was low.

Some other approaches were made for the design of a
Micro-CHP systems, in most of them mixed-integer linear
programming (MILP) models are used to minimize the total
annual costs. Franco and Versace (Franco and Versace 2017)
proposed some new composite technical and economic
indicators to assess the performance of Micro-CHP units in
district heating systems. Results have shown that using the
defined composite indicators can increase the share of ther-
mal energy produced with the Micro-CHP unit with respect
to the conventional boilers. Mohamed et al. (Mohamed
et al. 2014) developed a new model which calculated the
weighting factors of the weighted matching index (WMI),
for Micro-CHP under electrical and thermal tracking strate-
gies, in the net-zero energy building (energy export priority
and load-matching priority strategies). Pruitt et al. (Pruitt
et al. 2013) proposed an integrated capacity and dispatch
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optimization model, based on mixed-integer non-linear pro-
gramming, with regard to the technical characteristics of
the CHP system and the thermal storage unit. They applied
this model to a large hotel and compare the results with
the results achieved from a linear optimization model which
ignored mentioned performance characteristics. Results
showed that the optimal capacity of the CHP system was
15% lower in the linear approach.

Ghadimi et al. (Ghadimi et al. 2014) investigated the opti-
mal design of CHP systems with regard to their nominal
capacity and operational strategy. Using a non-linear optimi-
zation model, the optimal size of the CHP system as well as
optimal operation strategy is determined based on economic
parameters including investment costs and energy prices.
Buoro et al. (Buoro et al. 2014) perform an optimization
model for an energy supply system including CHP, compres-
sion chiller, boiler, solar thermal plant, and a seasonal stor-
age based on mixed-integer linear programming. Using the
developed model, the size and existence of each component
and energy flows, are determined. The model is implemented
for an industrial area and results indicated that by the use of
solar systems comprised of a solar field, thermal storage, and
a district heat network the lowest costs are incurred.

Buoro et al. (Buoro et al. 2012) using a MILP model
optimized the total costs of energy supply systems for two
buildings. The same authors in (Buoro et al. 2013) presented
a multi-objective optimization model for a distributed energy
system. A MILP model was developed. Annual cost and
carbon emissions are considered objective functions. The
model is solved using the weighted sum method. Kopanos
et al. (Kopanos et al. 2013) are developed a mathematical
model for the operational strategy of a Micro-CHP system,
by minimizing total costs. Omu et al. (Omu et al. 2013)
developed a MILP model for optimal sizing and selection
of technologies to satisfy heating and electricity loads. In
this study, minimizing total annual costs is considered an
objective function. Yang et al. (Yang et al. 2015) presented
a MILP model to simultaneously optimize the configuration,
structure, and locations of energy distribution networks with
total annual cost as the objective function.

Falke et al. (Falke et al. 2016) developed a multi-objec-
tive optimization model for the operation management and
investment planning of CHP systems. The minimizing of
the annual total costs of energy and the carbon emissions
are considered objective functions. Morvaj et al. (Morvaj
et al. 2016) presented a multi-objective optimization MILP
model for optimal design and operation of the distributed
energy system. In this model, the minimizing of total costs
and carbon emissions are considered objective functions
and the e-constraint method is used to solve it. The optimal
sizes and configuration of technologies have been calcu-
lated for the district system. Sameti and Haghighat (Sameti
and Haghighat 2017) proposed a two-level multi-objective
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optimization model for optimizing the total annual cost and
carbon emissions of a tri-generation system. The cooling,
heating, and hot water loads should be completely supplied.
The results have shown a significant saving in costs and
emissions.

Main Contribution and Proposed Improvements

Considering previous researches, the energy, economic, and
environmental benefit derived from a residential Micro-CHP
system which integrated with an electrical heating element,
compared to a separated energy system has not been com-
prehensively studied. This study presents a methodology that
using a techno-economic model optimizes the performance
of a residential Micro-CHP system to obtain the optimum
strategies and optimal sizes of Micro-CHP, axillary boiler,
and other equipment. The Micro-CHP is composed of a
gas-fired stirling engine-based prime mover, an auxiliary
boiler and a thermal storage tank with an electrical heating
element.

The main contributions and proposed improvements of
this paper are:

a) A multi-objective optimization model for the design of a
Micro-CHP system with three objective functions; CSR
(cost-saving ratio), PESR (primary energy saving ratio),
and ERR (total annual CO, emissions reduction ratio)
are developed.

b) The mixed-integer linear programming (MILP) model
of residential Micro-CHP is solved using the augmented
e-constraint method and the performance of Micro-CHP
integrated with an electrical heating element as a power
sink is analyzed to obtain the optimum strategies and
optimal sizes for Micro-CHP, axillary boiler, and other
equipment.

¢) To understand the influence of key parameters on the
planning and operation strategy of the Micro-CHP
system, the sensitivity analysis has been performed on
energy prices, and the changes of the cost-saving, pri-
mary energy saving, and carbon emission reduction ratio
with respect to energy price changes have been analyzed.

This paper is organized as follows: In the “Description
of Micro-CHP system” section, a description of Micro-
CHP and conventional systems are described. In the “Math-
ematical modeling” section, the mathematical modeling of
the systems is presented and the optimization algorithm
is described. In the “Case study” section, the case study
is described. In the “Results and discussions” section, the
results of the optimization model (single and multi-objec-
tive) are presented and finally, the conclusion is described
in the “Conclusions” section.
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Description of Micro-CHP System

The simplified layout of the proposed residential Micro-CHP
system is shown in Fig. 1. The Micro-CHP is composed of
a power generation unit, a backup boiler, an electrical heat-
ing element as a power sink, and a thermal storage unit for
storing the extra heat. The input fuel for a prime mover is
natural gas. The Micro-CHP system can work in different
operating strategy (thermal, electrical, and cost minimizing
led). In order to select an operation mode, several factors are
important such as electricity and heat demands of the build-
ing and operation cost. In thermal led, all thermal demands
are provided at first and electricity is the second product,
the extra electricity can send back to the grid and the lack
of electricity is provide by the grid, vice versa. In electrical
led, the Micro-CHP system is run to provide all electrical
demands and heat is the secondary product, the extra heat is
save in a thermal storage tank and the lack of heat is supplied
by a backup boiler. In a cost-minimizing strategy, the aim is
to find the overall minimum cost.

Mathematical Modeling

Micro-CHP Model

One of the most important factors in developing the residen-
tial Micro-CHP is economic. Economic assessments give
significant information on resources, investment, cost, etc. In
this study, a techno-economic model for a Micro-CHP sys-
tem and conventional system (supply the electrical demands
from the grid and thermal demands by a gas boiler) is devel-
oped to investigate the energy, economic, and environmental
benefits of a residential Micro-CHP, compared to a conven-
tional energy system. The total cost of the residential Micro-
CHP system (v”“"F), which consists of the investment costs
of Micro-CHP, boiler, and storage tank (v1F, pBoiler yTanky
the operating costs (v?PCHP pOFBoilery “annual maintenance
cost (0MCHP), cost of buying electricity from the grid (v°),
and the negative value of the benefit obtained from selling
electricity to the grid (v°), is shown in Eq. (1).

UTCHP — DCHP + DBoiler + vTank + UOPCHP + DOPBniler + UMCHP + UG _ DS
(1

The annual capital cost of Micro-CHP, boiler, and storage
tank is shown in Egs. (2)-(4). Since the investment cost is
related to the whole lifetime of the system, and this model
minimized the total cost in a sample year, the capital costs

— Electricity
—  Electricity Electrical — Heat
Electrical =  Heat Distribution Natural Gas
Distribution == Natural Gas Network === Losses
Network =mwmw=  Losses l
Electricity
Electricity 1
demand L
Resistor ‘ Space heating
Space heating ‘ demand
demand Thermal
l:::p m ‘ Hot water
Hot water o : | demand
demand : &
(b) *
Electricity
— e Electricity
Electrical Heat y
Distribution Natural Gas Electrical — Heat
Network === Losses Distribution s Natural Gas
l Network === Losses
Electricity
l demand Electricity
1 demand
t
Urban Resistor Spndc:l:::d ing
Gas Thermal — Urban Resistor Space heating
. | G demand
Bofler — -‘ Hot water A
1 1 | Gemand e Hot water
H A Boiler Tomacd
(0 * (d)

Fig. 1 Schematic of proposed residential Micro-CHP system for
different operation modes. a The Micro-CHP is on and the system
imports electricity. b The Micro-CHP is on and produces excess elec-

tricity. ¢ The backup heater provides the additional heat. d All the
electricity is drawn from the grid
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are distributed over the lifetime of each system, as shown in
Egs. (2)—(4).

CHP _ 5CHP X NRCHP X 1 (2)

1— (;)
(1+1),CHP

1Y)

vBoller — 6Bozler % NRBozler %

3
)

_ <;
1+ I)TBml('r

UTank — 5Tank % VTank % 1 (4)

- (=)
(1+1>TTunl<

The operation costs of Micro-CHP and boiler are shown in
Egs. (5) and (6), and the annual maintenance cost of Micro-
CHP is shown in Eq. (7).

i
pOPCHP _ 2 Z G Eg);lIP % CH}; (5)
d ’ n xR

OPBoil Z Z Boil de i

oller __ oller 4

v - Td,h X b (6)
d h N”xHR

MCHP __ CHP RCHP Boiler RBoiler
v _ZZ<GEd,h x ERCHP . hoiler ¢ ) o
d h

where GE;’ZP and T59"" are the electricity and heat gen-
erated by Micro-CHP and boiler and&RCHP and gRBoiler are
maintenance cost coefficient of Micro-CHP and boiler,
respectively.

The cost of buying electricity from the grid is:

o0 = zd: zh: (Gih X wjﬁ) + ZBmele (8)

The benefit of selling electricity to the grid is calculated
by Eq. (9).

US = ; ; (Gg,h X wﬁ,h) (9)

Imported and exported electricity is:

0< GG, < (xF, + GERS' = GESI") . h (10)
0<GS, < (GEGHT - k£, - GERSY) ¥ h an

@ Springer

Constraints (10) and (11) limit the electricity purchased/
sold from/to the grid, respectively. where G5, and G, are
total electrical energy purchased/sold from/to the grid,
respectively, Kf, , 18 electrical load and GEl;,ehs is electrical
energy consumed by the electrical heating element.

Main Constraints

In order to avoid infeasibilities in the model, the balance of
supply and demand for both electric power and heat is con-
sidered as shown in Egs. (12) and (13) respectively:

G CHP Re s S E
(Gd,h +GE,," —GE5’ — Gd,h> > K,y Vd.h (12)

t BCHP Boil Out S w
X <Td,h + T + Ty ) 2 <Kd,h + Kd,h) 13)

where 7' is the efficiency of building heating equipment and
T%HP , Tf’zile’, TgZ’ are heat generated by Micro-CHP for
using in building, boiler, and discharged heat of the stor-
age tank, respectively. K‘j’h and K;f/h are space heating and hot
water loads, respectively.

The performance features of the Micro-CHP unit are con-
strained using Eqs. (14) to (17). Equation (14) indicated that
the Micro-CHP plant cannot generate more than its nominal
capacity. Equation (15) limits electricity sold to the grid.
Equation (16) limits the generated heat of Micro-CHP by
its nominal capacity. Equation (17) is implemented to show
that the capacity of Micro-CHP should not be below the
minimal size of it available in the market. Finally, Eq. (18)
indicated that the generated heat of Micro-CHP is the sum
of generated heat of Micro-CHP, stored in the storage tank
(T%CH P) and the generated heat of Micro-CHP, used in the
building (Tii”” ).

GES" < NFCHP d, h (14)
G, < GEJ!' Vd.h (15)
TEHP < yiCHP ¢ iﬁP Vd.h (16)
NRCHP > \LimCHP a7
T =T+ T Vd, h (18)

The performance feature of the auxiliary boiler is con-
strained using Eq. (19).

Tf’(;liler < NRBoi/er Vd,]’l (19)
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Equation (20) is the thermal balance constraint of the
storage tank. It indicates that the total amount of stored
heat at the beginning of an hour is equal to the sum of
non-wasted heat that has been stored at the beginning of
the previous hour and recovered heat that has been deliv-
ered to the storage tank during that hour, minus thermal
energy discharged from the storage tank. Equation (21) is
similar to Eq. (20) but it is written for the first hour of a
day. Equations (22) and (23) limit the charging and dis-
charging of heat in the storage tank. The binary variables
(b™ b9 ) in (22) and (23) avoid simultaneous charging

dh’ Cdh
and discharging of heat.

Sto Sto n Ou H
Ty, =0 =o)X T30+ T, =T Yd,h if h#24 (29)

TS0 =1 —06)X TS +T" —T% Yd hif h+24

d+1,1 — d24 d24 d24
(21
In Hbi, In
OSquhSM gxbd‘h Yd, h (22)
Ou Hbi Ou
0< Td,h’ < MPP8 x bd’h’ Vd,h (23)

where 7’7 is heat stored in the storage tank and 77}, and T3}
are input/discharge heat to/of the storage tank, respectively.

Equation (24) states that the thermal storage tank can-
not charge and discharge simultaneously. Equation (25)
indicates that the stored heat should not be more than the
nominal capacity of the storage tank.

In Ou
by, +byy <1Vd,h (24)
TdO,Zl < NRTank vd, h (25)
The amount of heat input to the storage tank is:
In _ 7 STCHP
Ton=Ton ~ * Tan,, Vdoh (26)

As noted before, the electrical heating element is used
to convert some of the electricity received from the grid to
heat, when the electricity price is low. The heat generated

by the electrical heating element (ngs) is:

T“zzs = Nges X GEE"’; Yd, h 27)

The up and down constraint for electrical heating ele-
ment is:
——Res
0< GEﬁjf <GE Vd,h (28)

The volume of the storage tank is also calculated as
follows:

1149

ylank _ 3600 x NRTank
C><p><(7—2> 29
where NXT@* i5 the nominal capacity of the storage tank, C

is the specific heat of water, p is the density of water, and T
and T upper and lower bound of water storage temperature.

Separated Energy System Model

The simplified layout of the proposed conventional separated
energy system is shown in Fig. 2.

In separate systems, the electrical loads are supplied by the
national grid and thermal loads are provided by the boiler.
The total costs of a separate system (v”““Y) are calculated by
Eq. (30).

DTCON — UCON + UGC + DGasCON + DMCON (30)

; 1
UCON — 6BCON X NRBotlerCON X

€29
)

1
( a+ I)TCBoiler

where vV is the investment cost of the boiler in a separate

system and vV is the annual maintenance cost of a sepa-
rate system. The same as the Micro-CHP the electricity and

gas purchasing cost (0°C, v9“CON) are calculated as:

GC _ E 1
ve= 2 Z (Kd,h x w;;) + Z Bmele (32)
d h m
—  Electricity
Electrical — Heat
Distribution e Natural Gas
Network ===  Losses
I Electricity
i demand
Space heating
Urban Boiler demand
Gas
1 Hot water
1 demand
L 4

Fig.2 Schematic of the proposed conventional separated energy sys-
tem
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s w GY
Z Z (K' +x ) ECHP TBozler Z Z dh
d.h d.h d,h d,h d h
GasCON __ d h Gas ETCHP = "
p0mCON _ ; X (33) 22 |\ 2L X
(39)

Objective Functions

To analyze the performance of the system, we have consid-
ered 3 objective functions which include economic, energy,
and environmental functions. The aim of this optimization
study is to obtain the optimum strategies and sizes of Micro-
CHP, axillary boiler, heat storage tank, and other equipment.
Furthermore, the energy economic and environmental ben-
efits of Micro-CHP compared to a conventional energy system
can be achieved.

Economic Terms
In economic assessments, an important index is a cost-saving
ratio (CSR) that is the difference of the total cost of the sepa-

rate system and the Micro-CHP system divided by the total
cost of the separate system as shown in Eq. (34).

TCHP
CSR = (” v ) % 100

LTCON
Annual energy cost saving is:

TCON _
(34)

plave — (UGC + pGasCON + pMCON _ (DG + pOPCHP + DOPBo[/er + pMCHP _ US)) (35)

Finally, the payback period (year) is calculated from Eq.
(36).

([SCHP X NRCHP) + (550:‘13/‘ X NRBwIer) +

pSave

Tank Tank
(8T x v/ ))

Payback = <

(36)

Energy Themes

Primary energy saving rate (PESR) is considered an energy
function that can be shown as:

E _ ETCHP
pESR = (Zcov =27\ o 100 37)
E
coN
s30)) (53l
Ecoy = e X nerid + " (38)
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Environmental Issues

The excellent environmental performance of Micro-CHP is
one of the motivations to promote these systems. To assess
the environmental effects of the Micro-CHP system, the
emissions reduction ratio (ERR) is used that can be defined
as:

CE
ERR = (M) % 100

poon (40)

Annual carbon dioxide emission for separate systems is
composed of carbon dioxide emission of natural gas and
carbon dioxide emission of electricity produced in power
stations and calculated from Eq. (41). Similarly, the annual
carbon dioxide emission of Micro-CHP is calculated by Eq.
(42).

X (xS, + )
d h ’ ’
CEcon = ; ; (Gdh X yelc)> T HRxa p X ¥ gas
(41)
GECHP TB()lle) b
_ G d.h d.h
GEcyp = ; ; [Gd,h X Vele + <HR X 17eCHP + HR x 1P X Ygas
42)

Case Study

To evaluate the proposed model, a residential building in
Tabriz city (Iran) has been selected as a case study. The men-
tioned building is a three-floor (6 units) residential building
that we considered one unit of it. The total floor area of that
is 150 m?. This building has three bedrooms, a lounge, a
kitchen, a bathroom, and a toilet. The Design-Builder soft-
ware (Design Builder 2019) is used to estimate the hourly
energy demand for heating, hot water, cooling, and electric-
ity in a sample year. Fig. 3a—d show the hourly loads of the
mentioned building. Fig. 3a indicates the thermal demands
of the mentioned building for 8760 h of the planning year.
Fig. 3b shows hourly hot water supply-demand, Fig. 3c
shows hourly cooling load demand, and finally, Fig. 3d
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Fig.3 Hourly loads, a space heating demand, b hot water supply-demand, ¢ cooling load demand, d electric load demand of the building during
1 year

Table 1 Time of use (TOU) tariff for electricity price (Jain 2010) Table 2 Hours of off-peak, mid-peak, and on-peak (Rist et al. 2017)
Time of use (TOU) Price ($/kWh) On-peak times Mid-peak times Off-peak times Month

Off-peak 0.0442 23-19 19-7 7-23 April to Septem-
Mid-peak 0.0866 ber

On-peak 0.028 22-18 18-6 6-22 October to March

shows the electric hourly load demand of the building dur-  Multi-objective Optimization Algorithms
ing one year.
So far, various methods have been used to solve multi-objective
Energy Prices optimization problems, including weighted sum (WS) and goal
programming (GP) methods (Chen 1998; Aouni et al. 2005);
The time of use (TOU) tariff for electricity price is shown WS and GP are simple techniques for implementation. The main
in Table 1. It is divided in to on-peak, middle-peak and off-  disadvantage of these two methods is that they generate only
peak time and is different in various seasons as shown in  one solution for a set of weights. To overcome this limita-
Table 2. Some main assumed data for the techno economic tion of WS and GP methods, some other more efficient
model is summarized in Table 3. approaches, such as the e-constraint method, have been

proposed (Mavrotas 2009). Although the e-constraint method
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Table 3 Main data required for the techno economic model (Conroy
et al. 2014; Jain 2010; Rist et al. 2017; Tavanir company 2017; Ala-
haivala et al. 2015; Ren et al. 2008; Zeng et al. 2016; CLICKSANAT

2017; Caballero et al. 2013; THE RENEWABLE ENERGY HUB
2018; Micro CHP products 2018; Napoli et al. 2015; National Iranian
Gas Company, NIGC 2017)

Variable

Symbol Value unit

Investment cost coefficient of Micro-CHP (Caballero et al. 2013)
Investment cost coefficient of boiler (Caballero et al. 2013)

Investment cost coefficient of storage tank (THE RENEWABLE ENERGY HUB 2018; Micro CHP products 2018) 57 250 $/m’

Maintenance cost coefficient of Micro-CHP (Caballero et al. 2013)
Maintenance cost coefficient of boiler (Caballero et al. 2013)

SCHP 4000 $/kwe
sBoller 500 $/kwt
ERCHP 0012 $/kwh
gRBoller 0,005 $/kwh

Maintenance cost of the separate system (Rist et al. 2017; Napoli et al. 2015; National Iranian Gas Company, NIGC oMV 187 $

2017)
Lifetime of the Micro-CHP system (Caballero et al. 2013)
Lifetime of the boiler (Caballero et al. 2013)

Lifetime of the storage tank (THE RENEWABLE ENERGY HUB 2018)

T€HP 20 Year
TPl 20 Year
Tk 20 Year

Lifetime of the separate system (Rist et al. 2017; Napoli et al. 2015; National Iranian Gas Company, NIGC 2017) TN 20 Year

Electrical efficiency of Micro-CHP (Caballero et al. 2013)
Thermal efficiency of Micro-CHP (Caballero et al. 2013)

I’]ECHP 25 %
”tCHP 65 %

Efficiency of boiler (Ren et al. 2008) ;11’ 85 %
Efficiency of building heating equipment (Zeng et al. 2016) 7 92 %
Efficiency of converting electricity to heat in electrical heating element (Tavanir company 2017) NRes 90 %
Average efficiency of power plants (Li et al. 2017) n¢ 35 %
Transmission and distribution efficiency (Li et al. 2017) nerid 80 %
Interest rate (Micro CHP products 2018) 1 10 %
Minimal commercial capacity of Micro-CHP (Alahaivala et al. 2015) NEmCHP ) 7 kW
Heating ratio (Tavanir company 2017) HR 12.8 kwh/m®
Density of water (Tavanir company 2017) p 1000  kg/m’
Specific heat of water (Tavanir company 2017) c 4.2 kl/kg °C
Heat loss coefficient (Tavanir company 2017) c 0.025 (0!
Upper bound of water storage temperature (Tavanir company 2017) Tw 85 °C
Lower bound of water storage temperature (Tavanir company 2017) Tw 55 °C
Maximum electric power of electrical heating element (Tavanir company 2017) GERS 4 kW
Monthly base fee for electricity price (CLICKSANAT 2017) B,. 239 %
Carbon intensity of the grid (Conroy et al. 2014) Yele 0.968  kg/kwh
Carbon intensity of the natural gas (Conroy et al. 2014) Ygas 0.18 kg/m?
Natural gas buying price (Jain 2010) def 024  $/m?
Electricity selling back price (Jain 2010) wds, N 0.0897 $/kwh

can generate a set of Pareto solutions and control their density
in the objective space, there is no guarantee to generate non-
dominated solutions. To treat this problem of the e-constraint
method, an augmented e-constraint method using slack vari-
ables has been presented in the literature (Aghaei et al. 2011).

In this paper, we used augmented e-constraint methods to
solve the multi-objective optimization problem of the residential
Micro-CHP system, and the performance of the system has been
analyzed in different control strategy for a sample year. But, in
order to better expose the results of optimization, 12 sample days
were selected using the k-mean clustering algorithm (Jain 2010).
The multi-objective solution methods have been implemented
within the GAMS 24.1.2 software package using CPLEX solver
on a PC with a 3.20 GHz processor and 4 GB RAM.

@ Springer

Results and Discussions
Single-Objective Optimization Results

To evaluate the performance of Micro-CHP in com-
parison with the conventional generation systems,
three strategies exist: energy, cost, and carbon emis-
sion minimization. The various objectives will lead
to various results. The people are worried about not
only the energy minimizing performance, but also the
cost-minimizing performance and the emissions. The
ratio of greater cost minimizing means a better per-
formance of cost-minimizing. In other words, higher
energy minimizing means the better performance of
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energy minimizing. When the system reaches the high-
est energy minimizing ratio, cost minimizing and reduc-
ing carbon emission are not necessarily maximum and
vice versa.

Table 4 shows the most important results of this modeling
in 4 different cases (strategy of minimum cost, minimum rate
of primary energy, strategy of carbon emission minimizing,
and the strategy of minimum cost by omitting the impact of
thermal electrical heating element).

Table 4 shows the optimized capacity of the Micro-CHP
system in the different controlling strategies. The opti-
mized capacity of Micro-CHP in the minimizing primary
energy strategy with the amount of 7.8 kW has the high-
est value. Since the efficiency of thermal power plants is
very low in Iran, and also a part of generated electricity is
lost in the process of distribution and transmission. The
system prefers to use the highest capacity of Micro-CHP
for minimizing the amount of primary energy consump-
tion. After that, the optimal capacity of the system in the
carbon emission minimizing strategy has the value of 7.5
kW, being at the next rank. According to Table 3, the car-
bon dioxide emission rate of the grid is higher than the
carbon dioxide emission rate of the natural gas so in order
to minimize the carbon emission rate, the model will use
the highest capacity of the Micro-CHP to supply electrical
and thermal loads. In the state of minimizing the energy
costs, the optimal capacity equals 2.4 kW, and by removing
the impact of the electrical heating element, the optimal
capacity does not change.

Being shown in the above table, the electrical heat-
ing element has no impact on the optimized capacity of
Micro-CHP.

This procedure is totally different about the optimum
capacity of the auxiliary boiler. The boiler has the highest

capacity (4.4 kW) in the strategy of cost minimizing with-
out considering the electrical heating element, although it
has the lowest capacity (0.7 kW) in two cases of primary
energy minimizing and carbon emission reduction strategy.
In addition, the electrical heating element had a consider-
able impact on the optimized capacity of the boiler and
increased its value from 3.8 kW in the base case to 4.4 kW
in the case of not-using the electrical heating element. In
fact, there exists a logical relationship between the optimal
capacity of Micro-CHP and the auxiliary boiler. Where the
Micro-CHP has the lowest capacity, the auxiliary boiler
should have the highest capacity in order to provide the
thermal loads required and vice versa.

As it was expected about the profitability percentage,
it is the highest value (21.1%) in the strategy of cost-min-
imizing; the profitability percentage decreases a little by
removing the electrical heating element and reaches to
20.4%. Meanwhile, the profitability percentage is negative
and not justified economically in the control strategies of
the primary energy minimizing and the carbon emission
minimizing.

In the strategy of primary energy minimizing; the value
of primary energy was the highest, i.e., 13.2%. In a similar
vein, the amount of carbon emission reduction in the strat-
egy of the lowest amount of disseminated carbon was the
highest, 91.5%. Later on, it has been determined as 63.6%,
64.5., and 70.1% in the strategies of cost minimizing, cost
minimizing without considering the electrical heating ele-
ment, and the primary energy minimizing, respectively.

The payback period for the control strategies of cost-
energy minimizing and cost-energy minimizing without
considering the electrical heating element was 4.4 and 4.6
years, respectively. In addition, the payback period is very
high in two control strategies of primary energy minimizing

Table 4 The main numerical results of optimization algorithm in different strategies

Main parameters Cost minimizing Primary Carbon emis-  Cost minimizing without
energy mini-  sion minimiz-  considering electrical heating
mizing ing element

Optimal capacity of Micro-CHP (kW) 24 7.8 7.5 24

Optimal capacity of boiler (kW) 3.8 0.7 0.7 44

Cost-saving ratio (%) 21.1 —-715 —66.9 20.4

Primary energy saving ratio (%) -319 13.2 11.3 -31.8

Emissions reduction ratio (%) 63.6 70.1 91.5 64.5

Payback period (year) 4.4 29.2 25.2 4.6

Annual energy cost saving ($) 1331.5 890.1 1029.4 1343.2

Cost of buying electricity from the grid in case of using ~ 282.1 351.8 28.7 277.6

Micro-CHP ($)

Cost of buying natural gas for Micro-CHP and boiler ($§) 1527.1 969.1 1127.5 1531.6

Benefit of selling electricity to grid ($) 1025 0 0 1037.8

Total Energy consumption of Micro-CHP system (kWh)  89,371.3 58,861.8 60,134.6 89,298.1

Total emission of Micro-CHP (kg) 3616.5 2964.4 845.6 3522
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and the carbon emission minimizing due to insignificant sav-
ings in the energy costs.

Table 4 also shows the annual savings in energy costs,
electricity and gas purchasing costs, benefit of selling elec-
tricity to the grid, consumed energy, and carbon emission.
The highest profit relates to the result of selling electricity
to the grid in the strategy of cost minimizing without con-
sidering the electrical heating element. The strategy of cost
minimizing is in the next ranks. Meanwhile, no electricity
has been sold to the grid in the two strategies of primary
energy minimizing and carbon emission minimizing.

Diagrams 4a and 4b illustrate the total heat stored in the
heat storage tank in different hours and under the different
functional strategies.

According to Fig. 4a, the total stored heat in the storage
tank had the highest value in the strategy of cost minimizing,
the lowest value in the strategy of primary energy minimiz-
ing, and the average value in the strategy of carbon emission
minimizing. In diagram 4b, it can be seen that the electrical
heating element has not a significant effect on the stored heat
in the storage tank.

s —— Cost minimizing Energy Minimizing —— Co2 Minimizing
= 195
E 180
S 165 /"‘
g 150 A
S 135 VAW 474 3
b LAY \
S 105 AL A A\
2 0 Fi AN \
£ 4 Py ~t A}
g A f A 3
= 60
s o / / [N
£ 30
= 15
T 0
= T R R A IR RS R S e RN T R NI R R R L =2 QAL RN 8
——————————————— [o o (o8 [ [ [ [oN (o (o [on (o [ }
a Time (Hour)
—— Cost minimizing
= —— Cost minimizing without considering electrical heating element
195
i 180
2 165 /A\
8 150 A
S 135 VAW 44 A
g 120 Al N LY
5 FA A \
% 105
S % f \
< 5 af Y
-] Fid 1
= 60
g Fi b
= 45
£ 0 / \
£ s N 3\
2 ) Pt A\
OO NOI-F —~ RN AN O NO T =R NI OO~ — 0N IO N OO —00
AN TNIN OO NS — AN T NO OO0 NN O — — NN TNO\O~0000
b ~~~~~~~~~~~~~~ [t [o [ [ (o [ (o [ [N (oS [ [oN [N ]

Time (Hour)

Fig.4 Total heat stored in the storage tank. a In cost, energy and co,
minimizing strategy, b in cost minimizing and cost minimizing with-
out considering the electrical heating element

@ Springer

Multi-objective Optimization Results

In this section, the results obtained from augmented
e-constraint methods for the multi-objective optimization
problem of the residential Micro-CHP system are presented.

The Most Preferred Solution

The most preferred solution for the multi-objective opti-
mization problem should be selected among the all Pareto
optimal solutions generated, considering the importance of
different objective functions. The important factor of the ith
objective function in the range of [0,1] such that the sum
of important factors is equal to one. The important factor
should be determined by the designer. The more preferred
solution to the multi-objective optimization problem will
have a higher preference. Therefore, the Pareto optimal solu-
tion with the highest preference value is the most preferred
solution, which will be selected as the final solution of the
multi-objective optimization problem. The values of impor-
tant factors for each of the objective functions in four differ-
ent cases are shown in Table 5.

where IF oo IF ppop and IF g, are related to the important
factor of cost-saving ratio, primary energy saving ratio, and
carbon emission reduction ratio respectively. According to
Table 5, it can be shown that the important factor of the
cost-saving ratio in all cases is higher than two other factors
because in technical-economic analyses, saving energy costs
often has a higher priority than other target functions.

The augmented e-constraint can effectively search the
Pareto frontier and generate all Pareto responses. The most
advantage of the augmented e-constraint method is that a
uniform set of Pareto points are generated in the design
space. The optimal values of the objective functions in 4
cases are shown in Table 6.

Sensitivity Analysis
Sensitivity Analysis of Electricity Price

In order to understand the influence of key parameters on
the planning and operation strategy of the Micro-CHP sys-
tem, sensitivity analysis has been performed on energy
prices. The electricity, gas, and electricity buy-back prices
change from 1 to 3% of the base price (Table 3). The

Table 5 Importance factors

C IF, IF, IF
of objective functions in four . R PESR R
different cases 1 0.7 0.2 0.1

2 0.6 0.2 0.2

3 0.5 0.4 0.1

4 0.5 0.1 0.4
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changes of the cost-saving, primary energy saving, and  the changes in the optimal capacity of the heat boiler and
carbon emission reduction ratio with respect to electricity =~ Micro-CHP with respect to the electricity price changes.
price changes are shown in Fig. 5. Also, Fig. 6 indicates As shown in Fig. 5, the changes in the CSR curve at low

Table 6 The optimal values of
the objective functions in the
augmented e-constraint method

Fig.5 Cost-saving, primary
energy saving, and carbon emis-
sion reduction ratio changes
with electricity price changes

Fig.6 Optimal capacity of
boiler and Micro-CHP changes
with electricity price changes

prices are higher than at high prices, i.e., when the electricity

Augmented CSR (%) PESR (%) ERR (%) NRCHP (kew) NRBoiler (1w
e-constraint method

Case 1 15.97 0.33 85.27 3 2.37

Case 2 12.46 1.19 88.38 3.6 1.05

Case 3 6.16 8.15 85.27 2.9 2.67

Case 4 12.14 87.38 3.6 1.07

Cost saving ratio, primary energy saving
and carbon emissions reduction ratio

100
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price is lower than 2.5 times the base price, the CSR curve
shows a significant upward trend and then the changes are
low. At the point of 0.6, the CSR has become positive. In
fact, the profitability of the system will start from this point.
At higher prices, rising electricity price do not have much
effect on increasing the profitability index and there should
be other policies such as increasing the electricity buy-back
rate and creating subsidies to buy these products to motivate
consumers. According to Fig. 5, curves PESR and ERR have
no obvious change, i.e., only a small decrease when the price
increase from 2.1 to 3 times the base price. As a result, when
the electricity rate varies from 0.1 to 3 times the base price,
the overall annual cost-saving rate clearly increases with the
electricity price, while the primary energy savings and car-
bon emission reductions have a little change.

As indicated in Fig. 6, when the change in electricity
price is in the range of 0.1 to 1.7, the optimum capacity of
the boiler and Micro-CHP has not changed. After that, with
a further increase in electricity rate, the optimum capacity
of Micro-CHP was increased and the optimum capacity of
the boiler was reduced. When the electricity rate rises, it
would be wise to increase the nominal capacity of Micro-
CHP, because the system prefers to generate large parts of
the required power alone.

The changes of the cost-saving, primary energy saving
and carbon emission reduction ratio with respect to gas price
changes is shown in Fig. 7. Figure 8 shows the changes in
the optimal capacity of the heat boiler and Micro-CHP with
the gas price changes.

With respect to Figs. 7 and 8, it can be seen that the
increase in gas prices significantly reduces the profitability

index while the carbon emission reduction ratio remains
constant. The primary energy saving rate has remained con-
stant over the range of 0.1 to 0.8 and then increased. The
optimum capacity of Micro-CHP and boilers in the range of
0.1 to 1.3 has been unchanged, and then with the increase
in gas prices, the optimal capacity of the Micro- CHP is
slightly reduced and the boiler’s optimum capacity is slightly
increased. When the gas price rises, it would be wise to
decrease the nominal capacity of the power generation unit.

As shown in Fig. 7, the sensitivity of the system’s profit-
ability index to gas prices at low prices is much higher than
at high prices. For instance, when the gas price is in the
range of 0.1 to 1.5, the CSR changes from 37.07 to 8.78%,
and then, there has been less change.

It is also seen in chart 8 that rising gas prices has led
to a slight decrease in the capacity of Micro-CHP, and the
boiler capacity slightly increases. When gas prices increase,
the optimum capacity of Micro-CHP has been decreased to
reduce energy costs and increase the profitability of the sys-
tem. In contrast, in order to meet the thermal energy needs,
the boiler capacity has been increased. According to the
above diagrams, it can be concluded that electricity and gas
prices have reverse effects on the optimization outcomes.

The changes of the cost-saving, primary energy saving,
and carbon emission reduction ratio with respect to elec-
tricity buy-back price changes are shown in Fig. 9. Also,
Fig. 10 indicates the changes in the optimal capacity of the
heat boiler and Micro-CHP with the electricity buy-back
price changes.

Considering Fig. 9, it can be deduced that the increase
in electricity buy-back price led to a significant increase
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in CSR (from 2.37 to 57.19%). While the carbon emission
reduction ratio remained constant. The ratio of primary
energy savings has dropped as electricity prices rise up.
With regard to Fig. 10, by increasing the electricity buy-back
price, the optimal capacity of Micro-CHP has increased and
the boiler capacity has reduced. When the electricity buy-
back price increases, the electrical capacity of the Micro-
CHP increased; therefore, more electricity and heat are gen-
erated, so the thermal capacity of the boiler has decreased.

In the following, the simultaneous effect of gas and elec-
tricity price changes on the key factors of the system will be

investigated. Cost-saving ratio changes with electricity and
gas price is shown in Fig. 11.

Regarding Fig. 11, it can be seen that the highest value
of CSR was 57.50% which occur at the point of 0.6 for gas
price and 3 for the electricity price, and the lowest value of it
was — 16.02% at the point of 3 and 0.6 for gas and electricity
price, respectively. In fact, when the gas price is the low-
est and the electricity price is the highest, we will have the
highest profitability. Because in this case, Micro-CHP oper-
ates with the highest capacity so it will generate the highest
amount of heat and electricity, as a result, a large part of the

@ Springer



1158

Process Integration and Optimization for Sustainability (2022) 6:1143-1161

Fig. 10 Optimal capacity of

boiler and Micro-CHP changes

with electricity buy-back price
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Fig. 11 CSR changes with electricity and gas price changes

surplus electricity is sold to the grid and the profitability
index increases. Figure 12 shows the primary energy saving
ratio changes with electricity and gas price changes.

As shown in Fig. 12, by changing the electricity and gas
price, the primary energy savings ratio has been changed in
the small range from 1.63 to — 1.85. The highest value of
PESR was 1.63% which occur at the point of 0.6 for electric-
ity price and 3 for the gas price, and the lowest value of it
was —1.85% at the point of 3 and 0.6 for electricity and gas
price, respectively. In fact, when the gas price is the highest
and the electricity price is the lowest, we will have the high-
est value of PESR.

It is worth noting that primary energy consumption in
conventional systems is not sensitive to changes in gas
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Primary Energy Saving Ratio(PESR)

Gas Price Changes

Fig. 12 PESR changes with electricity and gas price changes

and electricity price, and only changes with load changes,
but in Micro-CHP when the electricity price increases and
the gas price decreases, the optimum capacity of Micro-
CHP will rise. As a result, the primary energy consump-
tion will increase and the percentage of energy savings
will decrease.

According to the above explanations, it can be found that
opposite goals lead to different results of optimization and
multi-objective optimization is used to create a compromise
between these objectives and to find the best point which
optimized all goals simultaneously.

In the following, the carbon emission reduction ratio
changes with electricity and gas price changes is shown in
Fig. 13.
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Fig. 13 ERR changes with electricity and gas price changes

Figure 13 shows that gas and electricity price changes
have a small effect on the carbon emissions reduction ratio
and in most cases, the ERR remains constant at 85.27%
value.

Finally, Fig. 14 shows the optimum capacity of Micro-
CHP and boiler changes with electricity and gas price
changes.

According to Fig. 14a and b, it is observed that the max-
imum capacity of Micro-CHP (3.38 kw) and the minimum
capacity of the boiler (1.29 kw) occurred at the point of
3 for electric price and 0.6 gas base price. Also, the low-
est capacity of Micro-CHP (2.98 kw) and the maximum
capacity of the boiler (2.42 kw) were at the point of 0.6
electricity prices and 3 times the gas price.
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o«
o
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P33
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Optimum Capacity of Micro CHP
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Conclusions

This study presents a methodology that optimizes the per-
formance of a residential Micro-CHP system integrated with
an electrical heating element as a power sink to obtain the
optimum strategies and optimal sizes for Micro-CHP, axil-
lary boiler, and other equipment. Using a detailed techno-
economic model, the energy, economic, and environmental
benefits of a residential Micro-CHP system, compared to
conventional energy systems, are conducted. Results have
shown that the optimal values of CSR, PESR, and ERR,
in the augmented e-constraint method (with the important
factor of 0.6, 0.2, and 0.2 for CSR, PESR, and ERR respec-
tively), were 12.46%, 1.19%, and 88.38%, respectively.
In this case, the obtained result for a nominal capacity of
Micro-CHP and boiler was 3.6 kW and 1.05 kW, respec-
tively. Finally, the payback period was obtained for 2 years.

In the following, some of the most important results of
this modeling are presented:

1. The optimized capacity of Micro-CHP in the minimizing
primary energy strategy with the amount of 7.8 kW has
the highest value. After that, the optimal capacity of the
system in the carbon emission minimizing strategy has
the value of 7.5 kW, being at the next rank. The elec-
trical heating element has no impact on the optimized
capacity of Micro-CHP.

2. The boiler has the highest capacity (4.4 kW) in the strat-
egy of cost minimizing without considering the electri-
cal heating element, although it has the lowest capacity
(0.7 kW) in two cases of primary energy minimizing

Optimum Capacity of Boiler

o=
w o

Gas Price Changes = 15
05 05

1
Electricity Price Changes
b

Fig. 14 Optimum capacity of Micro-CHP (a) and boiler (b) changes with electricity and gas price changes
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and carbon emission reduction strategy. In addition, the
electrical heating element had a considerable impact on
the optimized capacity of the boiler and increased its
value from 3.8 kW in the base case to 4.4 kW in the case
of not-using the electrical heating element. In fact, there
exists a logical relationship between the optimal capac-
ity of Micro-CHP and the auxiliary boiler. Where the
Micro-CHP has the lowest capacity, the auxiliary boiler
should have the highest capacity in order to provide the
thermal loads required and vice versa.

3. Sensitivity analysis of electricity price indicates that,
when the electricity rate varies from 0.1 to 3 times the
base price, the overall annual cost-saving value clearly
increases with the electricity price, while the primary
energy savings and carbon emission reductions have a
little change.

4. Sensitivity analysis of gas price indicates that the
increase in gas prices significantly reduces the profit-
ability index while the carbon emission reduction ratio
remains constant.

5. Electricity and gas prices have reverse effects on the
optimization outcomes.

6. Increasing the electricity buy-back price led to a signifi-
cant increase in CSR (from 2.37% to 57.19%). While the
carbon emission reduction ratio remained constant. The
ratio of primary energy savings has dropped as electric-
ity prices rise up. By increasing the electricity buy-back
price, the optimal capacity of Micro-CHP has increased
and the boiler capacity has reduced.

According to the cases mentioned above, it can be real-
ized that different functional strategies and also the real
prices of electricity and gas influence the system’s functional
parameters and the optimized capacity of the equipment. To
gain an accurate and comprehensive analysis, an exhaustive
investigation of the system, technical data equipment and
other effective cases should be carried out.
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