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As an alternative to current centralised energy generation systems, microgrids are adopted to provide
local energy with lower energy expenses and gas emissions by utilising distributed energy resources
(DER). Several micro combined heat and power technologies have been developed recently for appli-
cations at domestic scale. The optimal design of DERs within CHP-based microgrids plays an important
role in promoting the penetration of microgrid systems. In this work, the optimal design of microgrids
with CHP units is addressed by coupling environmental and economic sustainability in a multi-objective
optimisation model which integrates the results of a life cycle assessment of the microgrids investigated.
The results show that the installation of multiple CHP technologies has a lower cost with higher envi-
ronmental saving compared with the case when only a single technology is installed in each site,
meaning that the microgrid works in a more efficient way when multiple technologies are selected. In
general, proton exchange membrane (PEM) fuel cells are chosen as the basic CHP technology for most
solutions, which offers lower environmental impacts at low cost. However, internal combustions engines
(ICE) and Stirling engines (SE) are preferred if the heat demand is high.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As an alternative to current centralised energy generation,
microgrids can be adopted to provide energy locally by utilising
distributed energy resources (DER). The DERs comprise several
systems, such as energy generation, energy storage and load
management options. The involved energy generation units are
located near the end user [1]. They can be parallel to the standard
electric grid or stand-alone units. Single units can be connected
together in a microgrid system to serve small districts which can be
powered independently from the standard electric grid. Natural gas
is at present the primary fuel for DER, but renewable energy re-
sources can be easily integrated allowing important environmental
benefits in the power generation industry. One of the main appli-
cations of DER is the combined heat and power (CHP) generation,
which increases the efficiency of the on-site power generation
system using the waste heat for thermal energy production. A
ageorgiou).
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microgrid example is presented in Fig. 1. DER systems are growing
fast in the UK. Distributed energy took about 9% of the total gen-
eration capacity in 2011; Verdantix, an independent energy analyst
company, has forecasted that the total installed capacity of
distributed energy technologies will increase to 17 GW by 2030,
representing 14% of the expected UK generation capacity in 2030
[2]. However, DER systems face problems such as: large up-front
capital cost, community acceptance and new technologies from
pre-commercial stage [3]. The integration of different DER systems
has led to the concept of microgrids which can minimise the
negative impacts of single use DERs [4]. Hence, the optimal design
of energy generation within microgrids plays an important role in
promoting the penetration of microgrids. In particular, in order to
meet renewable energy targets in the UK, the Government is
considering the installation of CHP units because of their flexibility,
reliability and safer operating conditions with high overall effi-
ciencies [5]. Main CHP systems include traditional heat and power
generators such as steam turbines, gas turbines, internal combus-
tion engines and combined cycle system, as well as emerging
technologies such as microturbines, Stirling engines and fuel cells
[6]. Unlike engine CHP plants, fuel cells couple the advantages of
reduced energy consumption with low direct emissions. Several
CHP-based microgrids: Multiobjective optimisation and life cycle
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Nomenclature

Indices
d sample day
t time interval
i candidate CHP generator technology
k CHP capacity level
s site

Parameters
aB lifetime of boiler (year)
aCi lifetime of CHP technology i (year)
aT lifetime of thermal storage (year)
cI price of electricity imported from the grid (£/kWh)
cN price of natural gas (£/kWh)
cT cost per unit output for thermal storage unit (£/kWh)
DT maximum discharge rate for thermal storage (kW)
FB capital recovery factor of the boiler
FCi capital recovery factor of CHP technology i
FT capital recovery factor of the thermal storage
GT maximum charge rate for thermal storage (kW)
Hdts heat demand of day d during time interval t at site s

(kW)
Ldts electrical demand of day d during time interval t at site

s (kW)
M big number
P fixed cost for microgrid components (£)
Qik heat to power ratio for CHP generator technology i of

level k
r interest rate
Rik ramp limit for CHP generator technology i from

capacity level k (kW)
Tt time duration of each time period t (h)
TCHP
ik maximum annual operation hours of CHP technology i

at level k (h)
Wd weight for day d (reflection of number of days of this

type per year)
aik cost of CHP generator technology i of level k (£/kWe)
b cost per kWth installed for boiler (£/kWth)
g cost per kWthh installed for thermal energy storage

(£/kWthh)
hCik electrical efficiency of the CHP generator i of level k
hB efficiency of boiler
hT turn around efficiency of thermal energy storage
APCHPi use phase AP value of CHP technology i (kg SO2

equivalent/kWh fuel in)
APB use phase AP value of boiler (kg SO2 equivalent/kWh fuel

in)
APE use phase AP value of electricity bought from grid (kg

SO2 equivalent/kWh fuel input)
APBM manufacture phase AP value of boiler (kg SO2

equivalent/kW capacity)

APCHPMi manufacture phase AP value of CHP technology i (kg
SO2 equivalent/kW electricity capacity)

APTM manufacture phase AP value of thermal storage (kg SO2

equivalent/kWh capacity)
GWPCHPi use phase GWP value of CHP technology i (kg CO2

equivalent/kWh energy input)
GWPB use phase GWP value of boiler (kg CO2 equivalent/kW

fuel in)
GWPE use phase GWP value of electricity bought from grid

(kg CO2 equivalent/kWh electricity)
GWPBM manufacture phase GWP value of boiler (kg CO2

equivalent/kW capacity)
GWPCHPMi manufacture phase GWP value of CHP technology i (kg

CO2 equivalent/kW capacity)
GWPTM manufacture phase GWP value of thermal storage (kg

CO2 equivalent/kW capacity)

Positive Variables
CB
s installed thermal capacity of boiler at site s (kWth)

CC
sik total installed electrical capacity of CHP i from level k at

site s (kWe)
CT
s installed capacity of thermal energy storage unit at site

s (kWthh)
fdts heat received from the thermal storage on day d at

time t at site s (kWth)
gdts heat sent to the thermal storage on day d at time t at

site s (kWth)
hdts heat dumped on day d at time t at site s (kWth)
Idt electricity imported from the grid on day d at time t for

site s (kWe)
STdts heat stored in the thermal storage on day d at time t at

site s (kWthh)
udtsik output of CHP i on day d at time t at site s from CHP

technology k (kWe)
xdts output of boiler on day d at time t at site s (kWth)
f1 objective 1, total equivalent annual cost (£)
f2 objective 2, total GWP (kg CO2 equivalent)
f3 objective 3, total AP (kg SO2 equivalent)
ACC annual capital cost (£)
EAC equivalent annual cost (£)
EC electricity cost of site s(£)
OPC operation cost of site s(£)

Binary variables
Xdtsik 1 if for site s CHP technology i level k is operating on

day d time t; 0 otherwise
YI
dt 1 if electricity is imported from the grid on day d time

t; 0 otherwise
Zsi 1 if site s CHP technology i is selected; 0 otherwise

Integer variable
Nsik number of CHP generators at site s of CHP technology i

from level k
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CHP technologies have been developed recently for applications at
domestic scale, including fuel cells, micro turbines, internal com-
bustion engines and Stirling engines. As a result, micro CHP gen-
eration can lead to significant reduction in CO2 emissions: field
trials in Japan have demonstrated annual reductions of
750e1250 kg CO2 per household as a consequence of using 1 kWe
fuel cells [7]. Compared with large power plants, micro-CHPs are
more efficient in using thermal energy at domestic scale without
Please cite this article in press as: Zhang D, et al., Optimal design of
assessment, Energy (2015), http://dx.doi.org/10.1016/j.energy.2015.03.03
being transported [8]. It has been specifically suggested that the
replacement of gas heating boilers may open up a newmassmarket
for micro-CHPs [9]. At present, the UK is the largest European boiler
market, with 17 million systems currently installed and 1.6 million
boilers sold annually, primarily due to the UK's aversion to heat
distribution systems. In the Carbon Trust's Micro-CHP Accelerator
project, 87 micro-CHP systems have been installed and monitored
in households and small commercial applications in the UK [10].
CHP-based microgrids: Multiobjective optimisation and life cycle
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Fig. 1. Example of a microgrid.
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The Department of energy and climate change (DECC) has esti-
mated that the implementation of micro CHP systems in the UK
might reduce emissions of CO2 by up to 2.1 tons per year per
household compared to condensing boilers and electricity drawn
from the grid [5]. However, CHP technologies are still at an early
stage of market development and currently face adverse market
conditions, having to compete with already available energy sys-
tems, although being more cost effective. A further challenge is
decreasing the installation costs through either the economies of
scale or optimised designs and manufacture in order to attract a
large number of investors. Robust support is necessary for the
penetration of CHP systems, such as CHP initial boost, benefits
reflection and consumer incentive enhancement [11]. In order to
gain the optimum benefit from CHP applications in residential and
small buildings, the selection of the most suitable CHP technologies
in the microgrid is therefore key. Moreover, the optimal design of
the microgrids becomes a multi-objective problem when conflict-
ing objectives need to be optimised simultaneously. This paper
tackles the design of a CHP-based microgrid system addressing
both economic and environmental concerns through the entire life
time of the microgrid.

1.1. Optimal design and planning of microgrids

The capacity design of a microgrid system has been studied
recently where only annual cost is minimised [12e14]. Under the
cost minimisation objective, the equipment arrangement of each
building within a fuel cell network is optimised along with a hot-
water piping network using genetic algorithm (GA) [15]. An MILP
(multi-objective mixed-integer linear programming) model for
optimal DER design is presented in Ref. [16] for a small neigh-
bourhood, which include micro CHP units, back-up boilers and PV
units. It also provides the design of the heating pipeline network for
transporting heat between different nodes. Proper CHP-based DERs
are deployed in Ref. [17] through optimisation with particle swarm
optimisation (PSO) technique on the basis of maximisation of
benefit to cost ratio, where benefit and cost are related to optimal
Please cite this article in press as: Zhang D, et al., Optimal design of
assessment, Energy (2015), http://dx.doi.org/10.1016/j.energy.2015.03.03
CHP-based DERs deployment. Methodology for optimal DER se-
lection and capacity sizing is proposed in Ref. [18] for integrated
microgrids using evolutionary strategy (ES), where several micro-
grids are interconnected with each other for superior control and
management. Energy limits and emission limits are treated as hard
constraints there. A mathematical model is formulated in Ref. [19]
for fair, optimised cost distribution among participants in a general
microgrid based on the Game-theory Nash bargaining solution
approach. The participants within the microgrid are considered as
collaborators among themselves.

Besides the optimal design of microgrids, operation planning
and power quality evaluations are addressed in several studies
based on various methods. Hawkes and Leach [20] presented a
linear programming cost minimisation model, which also provides
the optimised operating schedule. AMonte Carlo analysis is applied
to consider the impact of inclusion of intermittent sources along
with the sensitivity analysis of energy price variation. An Orthog-
onal array-GA hybrid method is applied to optimise equipment
capacity selection and operational methods in Refs. [21], and it
indicates that the hybrid method has good convergence charac-
teristics than simple GA based on the comparison. Sheikhi et al. [22]
proposed a model to find the optimal size and operation of DERs
with the consideration of electricity and gas network based on the
energy hub concepts. Service reliability can be improved while the
power cost can be reduced. By applying differential evolutionary
algorithms, Basu [23] presented a strategic deployment of DERs in a
microgrid where the owner of the microgrid couldmake a schedule
of DERs at different optimal fuel costs for either Mix-DER group or
all-diesel generator. Authors of [24] presented a strategy to obtain
the optimal DER and reactive power injection locations based on
evolutionary optimisation methods, which improves both voltage
stability of the system and the DER penetration level. Loss reduc-
tionwas maximised in Ref. [25] using PSO for the DERs location and
size selection while the voltage profile of the system is improved.
Finally, in Ref. [26] generation design within microgrids was
addressed with the power reliability and voltage quality analyses
and the model has been implemented using PSCAD software.
CHP-based microgrids: Multiobjective optimisation and life cycle
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However, the limitation of these studies is again that only cost
minimisation is considered while an environmental evaluation is
entirely missing.

Amongst the studies that encompassed environmental aspects,
Bando et al. [27] developed a methodology for the designing of DER
inmicrogrid with steam supply from amunicipal waste incinerator,
and both primary energy consumption and CO2 emissions have
been reduced. Sizing and scheduling of DER within microgrid was
obtained in Refs. [28], where electricity vehicles are integrated.
However in both works, only single objective model which mini-
mise cost was considered, while CO2 emissions reduction was
analysed from the post-optimisation calculation. Mizani and Yaz-
dani [29] demonstrated the optimal selection of DER in a grid
connected microgrid together with optimal dispatch strategies and
they could reduce microgrid lifetime cost and emission on a
campus with weighting factor method. Guo et al. [30] presented a
planning and design method based on non-dominated sorting ge-
netic algorithm-II to minimise the total net present cost and carbon
dioxide emissions of a microgrid with a single customer. However,
their models did not consider the possibility to select the CHPs in
themicrogrid based on their own characteristics and in conjunction
with their life cycle assessment.

1.2. Environmental impact assessment

Different tools exist to evaluate the environmental impacts of a
process or a service. Life Cycle Assessment (LCA) is recognised as
one of the best tools available for comparing the impact of alter-
native technologies [31,32], it helps avoiding burdens shifting, i.e.
‘minimizing impacts at one stage of the life cycle, or in a geographic
region, or in a particular impact category, while helping to avoid
increases elsewhere [33]. LCA quantifies the amount of materials
and energy used over the complete supply chains (i.e. life cycles) of
goods and services and identifies emissions and wastes associated
with the life cycles. The International Standards ISO 14040 and
14044 [34] provide the methodological framework for LCA appli-
cations and define its main phases: goal and scope definition; life
cycle inventory; life cycle impact assessment; and Interpretation
and Improvement.

Studies have been published on carbon footprint of micro e

CHP units rather than a holistic environmental appraisal [35e37].
A few studies focused on the environmental impacts of different
micro-CHP technologies analysing the functioning of single units
rather than microgrids [9,38]. Moreover, limited studies in the
literature have been focused on coupling environmental and
economic sustainability in a multi-objective optimisation model:
the majority of them focussing on the operation of a single unit.
Jing et al. [39] analysed a building cooling heating and power
system. Bernier et al. [40] applied the full LCA perspective to study
the integration of a CO2-capture process using monoethanol-
amine in a natural gas-combined cycle power plant. Some authors
approached the problem of microgrids from a wider perspective,
applying more a sustainability assessment methodology rather
than amulti-objectives optimisation. Lo Prete et al. [41] developed
a framework to assess and quantify the sustainability and reli-
ability of different power production scenarios in a regional sys-
tem, focussing on the interaction of microgrids with the existing
transmission/distribution grid rather than different specific
technologies. Ristimaki et al. [42] approached the problem from a
life cycle perspective only, integrating life cycle costing with life
cycle analysis but with no optimisation methodology. To our
knowledge, no studies have been published on the optimal design
of CHP-based microgrids which integrates environmental (i.e. life
cycle assessment) and economic metrics through optimisation
methodology.
Please cite this article in press as: Zhang D, et al., Optimal design of
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1.3. Objective of this study

Optimal design of energy systems with environmental concern
for the entire life cycle is becoming more and more important. LCA
is used to quantify and evaluate the environmental performance of
a product or a process for its entire life cycle and it provides the
basis for assessing potential improvements. On the other hand,
system optimisation focuses on economic objectives [43,44]. The
integration of LCA into optimisation framework provides a
powerful decision-making tool to identify an optimal process
configuration conceiving both environmental and economic as-
pects ‘from cradle to grave’ [45]. In this work, we address the
optimal design of microgrids with CHP generators considering both
environmental and economic concerns. Life cycle assessment
methodology is used to evaluate the environmental impacts of
different microgrid designs which are then optimised based on
economic metrics through a multi-objective modelling framework.
Different methodologies can be applied to solve themulti-objective
optimisation problem, including the ε-constraint method [29,46]
and weighted sum method [47]. Here, the trade-off between two
conflicting objectives, minimising the cost and minimising the
environmental impact of the microgrid, is obtained by solving the
proposed model with both methods.

The remainder of this paper is organised as follows: In Section 2,
life cycle assessment of microgrids is described. In Section 3, the
problem description is presented with relevant assumptions, con-
straints and the objective function. In Section 4, the mathematical
model is provided. Then in Section 5, the proposedmodel is applied
to a microgrid case with five sites and the computational results are
shown in Section 6. Finally, concluding remarks are given in Section
7.

2. Life cycle assessment of microgrids

In LCA, a multifunctional process is defined as an activity that
fulfils more than one function, such as micro CHP technologies
which can produce electricity and heat at the same time. It is then
necessary to find a rational basis for allocating the environmental
burdens between the functions or products. The ISO standards
recommend that the environmental benefits of recovered resources
should be accounted for by broadening the system boundaries to
include and compare the burdens of conventional production, an
approach referred as system expansion [48]. The same approach is
recommended for product labelling provided that it can be proved
that the recovered material or energy is actually used [49]. This
approach is applied here. Following the methodological approach
of Clift et al. [33], a pragmatic distinction between Foreground and
Background is made in this study, considering the first as ‘the set of
processes whose selection or mode of operation is affected directly
by decisions based on the study’ and the second as ‘all other pro-
cesses which interact with the Foreground, usually by supplying or
receiving material or energy.

The goal of this LCA is to estimate the environmental impacts
of four different CHP systems with an additional boiler and a
thermal energy storage working in a distributed generation
network. The technologies investigated are: a proton exchange
membrane (PEM) fuel cell; a solid oxide fuel cell (SOFC); Stirling
engine (SE); and internal combustion engine (ICE). The impact
categories analysed in this study are the global warming potential
(GWP), which is an indicator of the greenhouse effect, and the
acidification potential (AP) as an indicator of acid rain and depo-
sition [50].

The system boundary is shown in Fig. 2. Both the manufacturing
and the use phase are considered in this study. A reference scenario
for the supply of electricity from the grid and heat from a
CHP-based microgrids: Multiobjective optimisation and life cycle
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condensing boiler with natural gas is included in the background
for comparison with the microgrid. Following the methodological
approach of Clift et al. [33] for Integrated Waste Management, a
pragmatic distinction between Foreground and Background is
made in this study, considering the first as ‘the set of processes
whose selection or mode of operation is affected directly by de-
cisions based on the study’ and the second as ‘all other processes
which interact with the Foreground, usually by supplying or
receiving material or energy’. Defining the functional unit is a key
step in every LCA study. Input or output flows can be selected as
functional unit, based on the purpose of the study and the system
boundary [50]. The functional unit used in this study is one MJ of
natural gas as input to the micro CHP system. Choosing this func-
tional unit avoids to introduce allocation on the two by products,
i.e. electricity and heat. Moreover, system expansion is applied in
this study as recommended by ISO 14040 [34].
2.1. Life cycle inventory

The data for the life cycle inventory are based on the Ecoinvent
dataset [51]. The manufacturing phase includes the production of
the energy system (boiler, CHP and thermal energy storage), the
transport of the materials and the energy needed for its production
and engineering. The production process involves raw material
cutting, casting, machining and welding. The use phase includes
the supply of natural gas to the micro CHP system and to the
additional condensing boiler, then the direct use of the CHP
generator.

For the reference scenario, the average mix of technologies used
to produce 1 kWh of electricity from the grid is assumed. In the UK,
at the present the electricity is mainly produced from natural gas
(44%), hard coal (28%) and nuclear energy (18%) [52]. The produc-
tion of heat is evaluated considering a natural gas-fired condensing
boiler with an efficiency of 85% [37]. In the UKmore than half of the
natural gas comes from national resources, giving a lower carbon
footprint for the production of 1 kg of natural gas compared with
other European countries [7].
2.2. Life cycle impact assessment

The environmental impacts shown in Tables 1 and 2 are the
results of the LCA, which has been performed using GaBi 6.0
Fig. 2. System boundary co

Please cite this article in press as: Zhang D, et al., Optimal design of
assessment, Energy (2015), http://dx.doi.org/10.1016/j.energy.2015.03.03
sustainability software [52]. The environmental impacts shown in
Tables 1 and 2 are valid for the system boundary shown in Fig. 2 and
they are used as an input for the optimisation model. GWP and AP
impacts for the manufacturing and use phase of the different micro
CHP technologies investigated are given, as well as for the reference
scenario.

From the environmental view point, initially only the global
warming potential is considered in the optimisation model. Then
the two LCA impact factors, GWP and AP, are aggregated into a
single index through the weighted sum method while taking into
account that the two impact factors have different importance. This
method scalarises the two objectives into a single objective by
multiplying each objective with a user supplied weight. Different
methodologies exist to determine the weighting factor, the one
applied in this study is based on CML e PE survey 2012 [52], as
shown in Table 3.
3. Problem description

In this study, we consider the optimal design of microgrids with
CHP units coupling environmental and economic sustainability in a
multi-objective optimisation model which applies the LCA results
of the microgrids as input. A general microgrid is addressed, which
involves several participant sites as shown in Fig. 1. They are
different types of buildings, which can be dwellings, schools and
shops. The microgrid considered in this work is assumed to include
an energy management system, local controllers for each energy
source and communications system that can provide an optimal
energy production schedule. The macrogrid is available to provide
electricity to the participant in the microgrid. The candidate tech-
nologies include CHP generators (with different technical charac-
teristics), boilers, thermal storage and a macrogrid power
connection. The microgrid and the macrogrid are connected and
constrained through importing electricity.

Energy production is modelled on specific sample days. The
assumptions made for each participant are listed below:

� up to one boiler;
� up to one thermal storage;
� a grid connection (allowing electricity importation, but no
exportation);

� no heat transfer between sites;
nsidered for the LCA.

CHP-based microgrids: Multiobjective optimisation and life cycle
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Table 1
GWP impacts for the micro CHP technologies and the reference scenario.

GWP manufacture phase (kg CO2 eq/kW capacity) GWP use phase

Electricity from the grid e 0.565 kg of CO2 eq per kWh of electricity
Natural gas from the grid e 0.0158 kg of CO2 eq per kWh of natural gas produced -
PEM 1160 0.218 kg CO2 eq/kWh fuel ina

SOFC 665 0.218 kg CO2 eq/kWh fuel ina

ICE 4290 0.225 kg CO2 eq/kWh fuel ina

SE 910 0.202 kg CO2 eq/kWh fuel ina

Condensing boiler 38 0.264 kg CO2 eq/kWh fuel ina

Thermal energy storage 49.2

a Note: Including the production of natural gas.

Table 2
AP impacts for the micro CHP technologies and the reference scenario.

AP manufacture phase (kg SO2 eq/kW capacity) AP use phase

Electricity from the grid e 0.00183 kg of SO2 eq per kWh of electrical output
Natural gas from the grid e 4.02Ee05 kg of SO2 eq per kWh of natural gas produced
PEM 8.77 5.40Ee05 kg SO2 eq/kWh fuel ina

SOFC 4.64 5.54Ee05 kg SO2 eq/kWh fuel ina

ICE 35.7 9.90Ee05 kg SO2 eq/kWh fuel ina

SE 3.32 2.00Ee5 kg SO2 eq/kWh fuel ina

Condensing boiler 0.221 0.000206 kg SO2 eq/kWh fuel ina

Thermal energy storage 0.189 e

a Note: Including the production of natural gas.

Table 3
Weighting factors for GWP and AP applied in this study
[52].

Weighting factors

GWP 8.8
AP 5.7

D. Zhang et al. / Energy xxx (2015) 1e136
A multi-objective mixed-integer linear programming (MILP)
approach is developed for this study. The key decision variables
include the selection of the technology and the capacity of the
micro- CHP unit (see Table 5). They are determined by minimising
the total equivalent annualised cost (EAC), GWP and AP impacts of
all the participants in the microgrid. The trade-off between the
economic and environmental objectives is then analysed with a set
of Pareto-optimal solutions.

The overall optimisation problem can be stated as follows,
which includes the ‘known’, ‘to be determined’, and objective
functions:

Given (a) a time horizon split into a number of intervals (not
necessary equal); (b) the energy demand of each participant for
each time interval; (c) the natural gas and the electricity costs from
themacrogrid; (d) the turn-key costs; (e) the energy efficiencies; (f)
Table 4
Description of EACs components.

Respective term calculation Description

ACCCHP ¼ P
sik
ðaikFCCC

sikÞ Annual capital cost of CHP generator

ACCB ¼ P
s
bFBCB

s Annual capital cost of boiler

ACCTHS ¼ P
s
gFTCT

s Annual capital cost of thermal storage

OPCCHP ¼ P
dtsik

cNWdTtudtsik=h
C
ik

Operation cost of CHP generator

OPCB ¼ P
dts

cNWdTtxdts=h
B Operation cost of boiler

OPCTHS ¼ P
dts

cTWdTtgdts Operation cost of thermal storage

EC ¼ P
dt

cIWdTt Idt Electricity cost from macrogrid

Please cite this article in press as: Zhang D, et al., Optimal design of
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the heat-to-power ratio; (g) the ramp limits for each CHP generator
considered in the study; (h) the charge and discharge rates for the
thermal storage; (i) the fixed costs for the microgrid components;
(j) the weighting factor for each day type and (k) the environmental
impact, such as GWP and AP of the manufacturing and use phase of
the CHP generators;

Determine (a) the candidate technologies selected and their
capacities; (b) the energy resources consumed (i.e. electricity im-
ported from the grid); (c) the energy production plan (i.e. the uti-
lisation factors of the CHP generators and the heat dumping1); and
(d) the thermal energy storage plan.

In order to (a) find the optimum microgrid design with mini-
mum environmental impact and total cost and to (b) fulfil the en-
ergy demand (both heat and electricity) of the participants in the
microgrid.

4. Optimisation model

The mathematical formulation of the optimisation model is
provided in this section, including the constraints and the objective
functions.

4.1. Capacity constraint

The electricity and heat produced by the CHP generators and the
additional boilers over any period on any day at each participant
site cannot exceed their installed unit capacities (Eqs. (1) and (2)).
For the CHP generators, the total capacity is the sum of all the CHP
generator capacities within the same technology in the same ca-
pacity range.

udtsik � CC
sik � 0 cd; t; s; i; k (1)

Heat produced from the boilers is limited by their designed
capacities:
1 In this work “heat dumping” is referred to the surplus heat produced by the
CHP generator which is not used to satisfy the heat demand of the microgrid sites.

CHP-based microgrids: Multiobjective optimisation and life cycle
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Table 5
Basic technical parameters and costs of microgrid candidate technologies [20,56].

Technology (kW) Turn-key cost (£/kW) Operating cost (£/kWh) Electrical efficiency Overall efficiency Lifetime (year) Reference

Boiler 40 0.027 e 0.80 15
Thermal storage 20 0.001 0.98 e 25
PEM (2e5) 2981 0.027 0.32 0.87 15 [57]
PEM (5e10) 994 0.027 0.4 0.87 15 [57]
SOFC (2e5) 5520 0.027 0.4 0.80 15 [58]
SOFC (5e10) 1840 0.027 0.47 0.80 15 [58]
ICE (2e5) 866 0.027 0.15 0.90 22 [59]
ICE (5e10) 700 0.027 0.2 0.90 22 [59]
ICE (10e15) 600 0.027 0.23 0.90 22 [59]
ICE (15e20) 534 0.027 0.25 0.90 22 [59]
SE (2e5) 1980 0.027 0.15 0.90 15 [60,61]
SE (5e10) 1300 0.027 0.2 0.90 15 [60,61]
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xdts � CB
s � 0 cd; t; s (2)

At any time on any day at each participant site, the heat stored
cannot exceed the installed capacity of the thermal storage unit (as
shown in Eq. (3)).

STdts � CT
s cd; t; s (3)

4.2. Ramp limit constraint

The degradation of the CHP generator performances with time
can affect significantly the economics of ownership [53,54]. In or-
der to avoid the damage of the generator and the unit degradation,
the CHP generator outputs between two adjacent time intervals are
constraint to change within a range. The output difference between
the two time intervals is limited by the given lower and upper
limits. These ‘ramp limits’ for each CHP generator capacity range
are given as:

�Ri � ud;tþ1;s;i;k � udtsik � Ri cd; t; s; i; k (4)

The thermal storage charge and discharge rates are the rates at
which heat is added to or removed from the thermal storage. These
charge and discharge rates depend on the characteristics of the
specific thermal storage equipment; so the two rates are limited by
constraints Eqs. (5) and (6):

fdts � DT cd; t; s (5)

gdts � GT cd; t; s (6)

4.3. Energy demand constraint

For each time interval, the electricity demand of the participant
sites equals the sum of the electricity outputs of the CHP generators
and the electricity imported from the macrogrid, as shown in Eq.
(7).

X
sik

udtsik þ Idt ¼
X
s

Ldts cd; t (7)

The heat demand of the participant sites and the dumped heat
equal the sum of heat output of the CHP generators, the heat output
of the additional boilers and the heat discharged from the thermal
storage minus the heat sent to the thermal storage. The heat
generated from CHP generators is calculated by multiplying the
Please cite this article in press as: Zhang D, et al., Optimal design of
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electricity output with the heat-to-power ratio Qik of each type of
CHP generator, as shown in Eq. (8).

X
ik

Qikudtsik þ fdts � gdts þ xdts ¼ Hdts þ hdts cd; t; s (8)

4.4. CHP constraints

For each type of CHP generator, the annual operation hours is
limited based on their lifetime. So if the CHP generator of tech-
nology i from capacity level k is operated on day d time period t at
site s, then the operation hours is counted once for that period. The
total operation hours increase with the number of CHP generators,
as shown in Eqs. (9) and (10). The weighting factor and time
duration is multiplied in Eq. (10) to obtain the total operation hours.

udtsik �MXdtsik � 0 cd; t; s; i; k (9)

X
dt

XdtsikWdTt � NsikT
CHP
i cs; i; k (10)

The total capacity of CHP generators at the same capacity range
should be within selected range multiplied with the number of
unites within the same range (Eq. (11)).

CCmin
ik Nsik � CC

sik � CCmax
ik Nsik cs; i; k (11)

The following two constraints are included, if at most one
technology can be selected for each site Zsi, while the number of the
CHP generators is not limited for that technology but if the tech-
nology is not selected, no CHP generator capacity can be selected
(Eqs. (12) and (13)).
X
i

Zsi � 1 cs (12)

X
k

CC
sik � MZsi cs; i (13)

4.5. Thermal storage constraints

For each participant site at each time interval, the energy stored
in the thermal storage is the sum of the energy stored from the
previous time period and the energy charged into the storage
minus the energy discharged from the storage. Heat losses are
considered based on the efficiency during the charging and dis-
charging processes. For example with the thermal storage turn-
CHP-based microgrids: Multiobjective optimisation and life cycle
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around efficiency hT, during any period when the amount of heat
Ttgdts is sent to the thermal storage, only Tth

Tgdts will be charged,
and the rest being lost. On the other hand during the discharging
process, in order to send Ttfdts of heat to the site, Tt/hTfdts of heat is
sent, as shown in Eq. (14).

STdts ¼ STd;t�1;s þ TthTgdts � Tt
.
hT fdts cd; t; s (14)

In order to guarantee that no heat is accumulated day to day, the
thermal storage has an initial storage state at the beginning of each
sample day; at the end of the day, the thermal storage must return
to its initial value, as in Eq. (15).

STd;0;s ¼ STd�1;T ;s cd; s (15)

4.6. Objective functions

The ε-constraint method pre-defines a virtual grid in the
objective space and solves different single-objective problems
constrained to each grid cell. All Pareto-optimal solutions can be
found only if this grid is fine enough such that at most one Pareto-
optimal solution is constrained in each cell. The approach of opti-
mising the design of a microgrid involves minimising the total cost
of all participants as shown in Eq. (16).

f1 ¼ ACCCHP þ ACCB þ ACCTHS þ OPCCHP þ OPCB þ OPCTHS þ EC

þ P

(16)
where P is the fixed cost for the microgrid components. Details of
each term are provided in Table 4.

The second objective function is to minimise the total GWP of
the micrgrid components as Eq. (17) which include the GWP from
use phase and manufacture phase of CHP generators, boilers and
thermal storage along with GWP from imported electricity from
grid:

f2 ¼
X
dtsik

WdTtGWPCHPi udtsik
.
hCik þ

X
dts

WdTtGWPBxdts
.
hB

þ
X
dt

WdTtGWPEIdt þ
X
sik

GWPCHPMi CC
sik

.
aCi

þ
X
s

GWPBMCB
s

.
aB þ

X
s

GWPTMCT
s

.
aT

(17)
The third objective function is to minimise the total AP of the

microgrid components as Eq. (18) which include the AP from the
use phase and manufacture phase of CHP generators, boilers and
thermal storage along with AP from imported electricity from grid:

f3 ¼
X
dtsik

WdTtAP
CHP
i udtsik

.
hCil þ

X
dts

WdTtAP
Bxdts

.
hB

þ
X
dt

WdTtAP
EIdt þ

X
sik

APCHPMi CC
sik

.
aCi þ

X
s

APBMCB
s

.
aB

þ
X
s

APTMCT
s

.
aT

(18)
The above three objective functions are considered in a multi-

objective formulation as

Min
x2Q

ff1ðxÞ;f2ðxÞ;f3ðxÞg (19)

where x is the vector of decision variables and Q is the space of
feasible solutions defined by the following constraints.
Please cite this article in press as: Zhang D, et al., Optimal design of
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4.7. The ε-constraint method with two objectives

Applying the ε-constraint to the proposed multi-objective
problem Min

x2Q
ff1ðxÞ;f2ðxÞg it keeps f1 as the objective function,

while f2 is considered as a constraint. A single-objective function is
obtained as:

min
x2Q

f1ðxÞ
s:t: f2ðxÞ � ε2

(20)

By minimising f1 and f2 individually, the maximum and mini-
mum values of f2 are obtained, which are used to define values of
ε2. For each point Mþ1: ε2 is calculated from ε2 ¼ fmax

2 � fmax
2 �fmin

2
M l,

where M is the number of self-defined intervals between the
maximum and minimum values of f2 and l ¼ 0,...,M.

If f2 and f3 are considered in a comprehensive constraint rep-
resenting environmental aspect, with weighting factors w2 and w3
respectively. A single-objective function is obtained as:

min
x2Q

f1ðxÞ
s:t: f23 ¼ w2f

0
2ðxÞ þw3f

0
3ðxÞ � ε23

(21)

where f0
2 ¼ f2

fmin
2

and f0
3 ¼ f3

fmin
3
, fmin

2 and fmin
3 are obtained by min-

imising f2 and f3 from Eqs. (17) and (18) individually,w2 andw3 are
weighting factors. Values of f23 are defined similarly as those of f2
explained above for ε2.

5. Case study

The proposed models have been implemented for a case study,
including a school, a hotel, a restaurant, an office building and a
residential building. All the buildings are built to Passivehaus
standards according to information provided by the developers
[55]. The energy demand profiles are the same as given in Refs. [19],
which is provided by authors of [55] as shown in Appendix.

5.1. Technical characteristics and costs of the microgrid CHP
generators

The parameters for the CHP, boiler and thermal energy storage
are presented in Table 5. The life span considered is 15 years. Turn-
key cost includes the costs of investment, installation, foundations
and main connections. Operating costs for CHP generators and
boilers are assumed to comprise only the fuel cost. For the fuel cost,
the gas price assumed is 2.7 p/kWh and the price of electricity
bought from the grid is 13 p/kWh. The operating cost of thermal
storage is the maintenance costs. The capital recovery factor (F) is
calculated from Eq. (22) and (12)% interest rate is applied for this
case study.

F ¼ rð1þ rÞa
ð1þ rÞa � 1

(22)

6. Computational results

The proposed model has been implemented for 3 different
microgrid scenarios:

1. Basic scenario: the microgrid is connected to the macrogrid; the
electricity from the macrogrid is imported to meet the elec-
tricity demand within the scenario considered in addition to the
electricity produced by the CHP generators. Moreover, when the
CHP-based microgrids: Multiobjective optimisation and life cycle
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Fig. 3. Environmental impacts and cost for the basic scenario.

Fig. 4. GWP hotspot analysis for different micro CHP technologies.
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waste heat recovered from the CHP generators is larger than the
heat demand of the site it can be dumped to the environment.
Only one CHP technology is available to be selected for all sites,
so the four CHP technologies are investigated separately under
this scenario.

2. Scenario 1: the microgrid is connected to the macrogrid; the
electricity from the macrogrid is imported to meet the elec-
tricity demand within the scenario considered in addition to the
electricity produced by the CHP generators. When the waste
heat recovered from the CHP generators is larger than the heat
demand of the site it can be dumped to the environment.
Multiple CHP technologies can be selected.

3. Scenario 2: the microgrid is connected to the macrogrid; the
electricity from the macrogrid is imported to meet the elec-
tricity demand within the scenario considered in addition to the
electricity produced by the CHP generators. When the waste
heat recovered from the CHP generators cannot be dumped, so
the CHP generators have to be designed to produce an amount of
heat which is equal or lower than the heat demand of the site.
Multiple CHP technologies can be selected.

Besides the above three scenarios, two alternative models are
considered.

1. Combined technologies, each participant site in the microgrid can
choose the CHP generators with any technology combination.
The constraints are Eqs. (1)e(11), (14)e(18).

2. Single technology: each participant site in the microgrid can only
choose one CHP technology, regardless the total capacity size. In
this case, the constraints are Eqs. (1)e(18).

The developedMILPmodel is implemented using CPLEX 12.4.0.1
in GAMS 23.9 (www.gams.com) [62] on a PC with an Intel Core 2
Duo, 2.99 GHz CPU and 3.25 GB of RAM. Firstly, we compare the
optimal results (GWP, AP, cost and heat dumping) fromminimising
each single objective under the Basic scenario with those obtained
under the Reference scenario. Under the Reference scenario, the
electricity is solely bought from the grid while the heat is provided
by the condensing boiler (as described in Section 2). Then the
proposed two alternative multi-objective models are implemented
under the Scenario 1 and 2. The optimal results are illustrated with
Pareto curves and the optimal designs of the microgrid, which in-
cludes the CHP selection, are analysed and discussed.

6.1. Basic scenario

The optimal results for the Basic scenario are shown in Fig. 3,
where each group of values are scaled based on themaximumvalue
within that group (normalised results). Under the Basic scenario,
the PEM fuel cell generator has the lowest environmental impact
(GWP, AP) with the lower cost. SOFC is the most expensive CHP
generator, while its environmental impacts are quite low compared
with the ICE and SE and the heat dumping is lower compared with
the PEM fuel cell. The heat dumping from the ICE is the highest due
to its high Heat to Power ratio, as shown in Table 5. There is no heat
dumping for SE only, but its environmental impacts and cost are the
highest among the CHP technologies.

Figs. 4 and 5 provide the GWP and AP hot spot analysis of the
microgrid energy system (including all CHP generators and addi-
tional units): manufacturing phase, use phase (which includes the
operation of the DERs and the supply of natural gas) and imported
electricity from the grid to satisfy the electricity demand. The re-
sults are based on the total electricity demand of the participant
sites. The GWP due to the manufacturing phase is very limited for
all the micro CHP technologies investigated, being at the maximum
Please cite this article in press as: Zhang D, et al., Optimal design of
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the 6% of the total GWP (for the ICE). The use phase is responsible of
the majority of the GWP generated by PEM, SOFC and ICE, which
can provide almost all the electricity demand for the whole
microgrid. Higher amount of imported electricity from the grid is
needed for SE, due to its lower electrical efficiency compared with
the fuel cells technology (PEM and SOFC). The higher GWP for the
ICE and SE is mainly due to the fact that they are based on a
combustion process (internal for ICE and external for SE, respec-
tively) which produces higher CO2 emissions, compared with the
reforming processes and electrochemical conversion associated
with the fuel cells.

Fig. 5 illustrates the AP hot spot analysis for the Basic scenario.
The AP impact category shows a larger gap between different
technologies compared with the GWP, mainly due to the AP impact
of the electricity imported from the grid. The total acidification
impact is three times higher for the ICE compared with the PEM
and SOFC generators. The contribution of the manufacturing phase
to the total acidification impact is higher compared with the GWP
for all the four micro CHP technologies, which means that the
number of units installed in the microgrid becomes more relevant
when the AP metric is considered in the optimisation model (see
section 4.8.

When only cost and GWP are considered, the objective function
is represented by the Eq. (20). The Pareto curves for EAC and GWP
under the Basic scenario are shown in Fig. 6, together with the
Pareto curves of Scenario 1 for both alternative models. Under the
Basic scenario, PEM is the more suitable CHP technology for this
microgrid, as shown also in Fig. 3. Meanwhile, the GWP of the PEM
generator is lower than that of the other technologies. When only
ICE or SE generators can be selected, more electricity needs to be
imported from the grid to fulfil the electricity demand because of
CHP-based microgrids: Multiobjective optimisation and life cycle
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Fig. 5. AP hotspot analysis for different micro CHP technologies.
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their high Heat to Power ratios, as shown in Fig. 4. This is reflected
in their Pareto curves too as shown in Fig. 6. The obtained Pareto
curves follow similar trend as the optimal results provided by Guo
et al. [30], where the net present cost and the carbon dioxide
emissions in the life cycle are the two objectives. If all technologies
are available to be selected while each participant can select one
technology at most (Scenario 1 e single technology), the total cost
is even lower than that from PEM only and the GWP can be reduced
by 5% compared with the PEM e Basic scenario. The GWP can be
further reduced by about 3% when multiple technologies are
selected (Scenario 1 e combined technologies). Compared with the
reference scenario, excluding the manufacture phase, the GWP
savings range between 30 and 37% while the EAC savings range
between 10 and 34%. These values are comparable with those
presented in the work of [28e30], which report values of 8%e39%
for the CO2 savings and 8%e29% for the economic savings.

6.2. Scenario 1 and scenario 2: comparison between single and
combined technologies

Fig. 7 presents the Pareto curves for Scenario 1 and 2 for both
alternative models. When heat dumping is forbidden (Scenario 2),
the total cost increases since the model selects a CHP technology
with lower heat to power ratio to avoid heat dumping which would
be more expensive e i.e. PEM fuel cells and SOFC. In this scenario in
fact the CHP has to be designed to satisfy the heat demand of the
sites, and consequentially more electricity has to be imported from
the grid. (see Fig. 13). When the single technology constraints are
applied, the total cost predicted by the model is very similar to the
case when the constraints are not applied (especially for Scenario
1). However, the GWP impacts are much smaller for the combined
technology model compared to the single technology model under
both scenarios.
Fig. 6. Pareto curves for EAC and GWP of Basic scenario and Scenario 1.
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Fig. 8 presents the selection of the capacity and the type of CHP
technology for the combined technology model under Scenario 1.
Results for the Scenario 2 have similar trend, so only Scenario 1 is
provided. PEM is selected as the basic technology for both sce-
narios, while the others are selected as add-on generators. ICE is
preferred only when there is loose constraint on the GWP under
both scenarios. As GWP constraint becomes tighter, SOFC and SE are
selected because of their lower GWP impacts compared with ICE.

Although multiple CHP technologies and capacities are selected
at the same time, the utilisation rates for each technology are al-
ways between 30% and 80%. Fig. 9 provides the CHP utilisation rates
for the combined technologies model for Scenario 1. At the last
point (solution 21), the CHP generators are used between 20% and
55% of their capacities. This can be explained by the fact that when
the GWP caps play amore important role, the sum of the single CHP
capacity selected by the model increases (mainly due to SOFC and
SE), which results in cost increasing. As the total GWP is driven by
the use phase of the CHP generators, the utilisation factors are then
lowered to keep the GWP at the minimum with higher capacities.

Figs. 10 and 11 show the total capacity selected for the
condensing boiler and the thermal storage under both scenarios for
bothmodels. In general, when the single technology constraints are
applied, the selected boiler capacity is higher than that of the
combined technologies model. The single CHP generator selected
by the site is not enough to provide the heat demand of the system
while when multiple technologies are selected by the single site
less boiler capacity is requested.

Figs. 12 and 13 show the total heat dumped during the year by
the microgrid and the imported electricity from the grid, respec-
tively. Heat dumping decreases as the GWP constraint becomes
more important and it is lower for the combined technologies
model compared to that of the single technology. Therefore, when
multiple technologies are selected, the microgrid works in a more
efficient way, i.e. exploiting better the energy produced internally
by the CHP generators. As expected, more electricity is imported
from the grid under Scenario 2 than Scenario 1, because heat
dumping is not allowed under Scenario 2. Only a small amount of
electricity is imported from the macrogrid under Scenario 1, while
most electricity is provided locally by the CHP generators.
6.3. Cost vs. GWP and AP

When cost, GWP and AP are all considered, the objective of the
optimisation model is represented by the Eq. (21). Only results for
the combined technologies model are provided here. The Pareto
curve for EAC and environmental factor under the two microgrid
scenarios are shown in Fig. 14. The cost of the microgrid increases
slowly as the environmental impact decreases for the first 11
points, while it increases more for the last 10 points under both
Fig. 7. Pareto curves for EAC and GWP of both scenarios.
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Fig. 8. CHP selections for EAC and GWP of Scenario 1.

Fig. 9. CHP utilisation rate for EAC and GWP of Scenario 1.

Fig. 11. Thermal storage selections for EAC and GWP of both scenarios.

Fig. 12. Annual heat dumping for EAC and GWP of Scenario 1.
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scenarios. However, the cost is higher when heat dumping is not
allowed (Scenario 2) and the environmental impact is lower,
following an opposite trend compared with the cost-GWP objective
model.

Fig. 15 presents the selection of the technology and the capacity
for the CHP generators on the given 20 intervals. PEM is again
selected as the basic CHP technology for most points, while it is
replaced by other technologies for the last two points.

CHP utilisation rates are presented in Fig. 16, showing a similar
trend of the cost vs. GWP model (Fig. 9). However, when both AP
and GWP are minimised (last point in the Pareto curve), the total
capacity needed by the microgrid is lower compared with when
GWP only is considered. Moreover only two technologies are
selected when AP and GWP are considered (SOFC and SE), while in
the cost-GWPmodel SOFC, SE and PEM are selected. This is because
Fig. 10. Boiler selections for EAC and GWP of both scenarios.
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the utilisation rate at the final point is higher when AP and GWP are
considered, showing a more efficient use of the available
technologies.
7. Concluding remarks

The optimal design of microgrids with CHP generators has been
addressed, through the development of an MILP model with multi-
objective, using ε-constraint method. The model has considered
both environmental and economic concerns. LCA methodology has
been used to evaluate the environmental impacts of different
microgrid designs which are then optimised based on economic
metrics.

The proposed model is implemented on a case study with five
participants of different building types. Three scenarios are
Fig. 13. Annual imported electricity for EAC and GWP.
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Fig. 14. Pareto curves for EAC and environmental factor of both scenarios for the
combined technologies model.

Fig. 15. CHP selections for EAC and environmental factor of Scenario 1.

Fig. 16. CHP utilisation rate for EAC and environmental factor of Scenario 1.
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considered with two different models. The results of this paper
show that a microgrid with multiple CHP technologies represents a
less expensive and more environmentally friendly solution for a
group of different users. The decision makers can select their
preferred CHP-based microgrid design from the obtained Pareto-
optimal solutions.

Optimal designs based on the selection of four CHP technologies
have been compared, based on the three objectives whichminimise
the EAC, the GWP and the AP. The GWP impact of the
manufacturing phase gives a nugatory contribution to the total
GWP, which is mainly dominated by the use phase of the CHP unit.
On the other hand, the AP impact of the manufacturing phase plays
a more important role on the total AP impact, whichmeans that the
selection of the number of CHP generators per site is influenced
Please cite this article in press as: Zhang D, et al., Optimal design of
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more by the AP impact than the GWP. A lower total CHP capacity is
selected when GWP and AP are both considered, with higher uti-
lisation factors.

The results have shown that the selection of multiple technol-
ogies obtains lower cost with higher environmental saving
compared with the Basic scenario and the single technology model,
meaning that when multiple technologies are selected the micro-
grid works in a more efficient way, i.e. exploiting better the energy
produced internally by the CHP generators.

The work of Mallikarjun and Lewis [1] indicated that fuel cells
are mostly suitable for electric needs because of their high electric
efficiency and low heat to power ratios. In our work, a PEM fuel cell
is chosen as the basic CHP technology for most solutions, providing
both electricity and heat, because it offers lower environmental
impacts at low cost. Meanwhile, ICE and SE are preferred if the heat
demand is high, as for some of the scenarios analysed. This work
demonstrates that the selection of DERs depends heavily on the
heat and electricity profiles of the assumed participants. Finally, it
implies that CHP selection is influenced by the characteristics of the
CHP units assumed in this study. Amongst them, the electrical and
thermal efficiencies play an important role, especially for the PEM
fuel cell, SOFC and SE which are still far away from a fully
marketable state.

The proposed model is based on assumptions which may need
further consideration in future. Firstly, the CHPs are assumed to
have constant efficiency under all conditions, although this de-
pends on the load factor. Secondly, the heat loss of the thermal
energy storage as a function of time length has not been considered
in this study and may have to be considered in future analysis.
Thirdly, a future analysis may consider the option of selling elec-
tricity back to the grid. Fourthly, in the present study, the GWP and
AP impact factors are collected from the UK data base which is
based on the current electricity production technology mix. The
model may be improved in the future to include green technology,
such as wind generator and solar panels, for electricity production.
Finally, future workmay also consider the sensitivity analysis of the
CHP characteristics on the microgrid design, e.g. the electrical ef-
ficiency and the heat to power ratio.
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