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ABSTRACT
As an energy efficient technology that generates electricity

and captures the heat that would otherwise be wasted to provide
useful thermal energy, combined heat and power (CHP) hybrid
energy systems have been widely used in the U.S. In the presented
study, a two-stage co-design optimization model for CHP-based
hybrid energy systems is developed. By applying a mixed inte-
ger programming (MIP) method, the optimization is performed
from the operational and design perspectives. Six components:
CHP, boiler, heat recover unit (HRU), thermal storage system
(TS), power storage system (ES), and photovoltaic (PV) are con-
sidered in the CHP-based microgrids. During the optimization
process, the cost-based optimal component design solutions are
firstly obtained by minimizing the total installation costs of the
components. The optimal operational strategy is further attained
based on the component design by minimizing the costs from
production, operation and maintenance, startup, and unsatisfied
load. In the end, non-disruptive and disruptive scenarios are
considered in the case study to testify to the model’s effectiveness
in co-design and reliability improvement.
Keywords: co-design optimization, microgrid, power and
thermal management, disruptive scenarios

NOMENCLATURE
Parameters
𝑐𝑓 𝑢𝑒𝑙 Fuel price
𝑃𝐶𝐻𝑃
max ,𝑃𝑃𝑉

max Maximum power generation capability
of CHP, PV

𝑄𝐶𝐻𝑃
max ,𝑄𝑏𝑜𝑖𝑙

max ,𝑄𝐻𝑅𝑈
max Maximum heat generation capability of

CHP, boiler, HRU
𝐸𝑇 𝑆
max,𝐸𝐸𝑆

max Maximum state of charge of TS, ES
𝐸𝑇 𝑆
min,𝐸

𝐸𝑆
min Minimum state of charge of TS, ES

𝑄𝑐
max,𝑄𝑑

max Maximum heat charging and
discharging rate TS
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𝑃𝑐
max,𝑃𝑑

max Maximum electric charging and
discharging rate of ES

[𝐶𝐻𝑃 Power generation efficiency of CHP
[𝑏𝑜𝑖𝑙 Heat generation efficiency of boiler
[𝐶𝐻𝑃
𝑙𝑜𝑠𝑠

,[𝑇 𝑆
𝑙𝑜𝑠𝑠

Heat loss efficiency of CHP, TS
[𝐻𝑅𝑈 Heat recover efficiency of HRU
[𝑐𝑣𝑡 Converter power transformation

efficiency
[𝑇 𝑆
𝑐 ,[𝐸𝑆

𝑐 Charge efficiency of TS, ES
[𝑇 𝑆
𝑑
,[𝐸𝑆

𝑑
Disharge efficiency of TS, ES

𝑅𝑢𝐶𝐻𝑃
max ,𝑅𝑢𝑏𝑜𝑖𝑙max Ramp up rate limit of CHP, boiler

𝑅𝑑𝐶𝐻𝑃
max ,𝑅𝑑𝑏𝑜𝑖𝑙max Ramp down rate limit of CHP, boiler

𝐶𝐶𝐻𝑃
𝑠 ,𝐶𝑏𝑜𝑖𝑙

𝑠 ,𝐶𝐻𝑅𝑈
𝑠 Startup costs of CHP, boiler, and HRU

𝐶𝑇 𝑆
𝑠 ,𝐶𝐸𝑆

𝑠 ,𝐶𝑃𝑉
𝑠 Startup costs of TS, ES, and PV

𝐶𝐶𝐻𝑃
𝑂𝑀

,𝐶𝑏𝑜𝑖𝑙
𝑂𝑀
,𝐶𝐻𝑅𝑈

𝑂𝑀
Operation and maintenance costs of
CHP, boiler, and HRU

𝐶𝑇 𝑆
𝑂𝑀
,𝐶𝐸𝑆

𝑂𝑀
,𝐶𝑃𝑉

𝑂𝑀
Operation and maintenance costs of TS,
ES, and PV

𝐶𝐶𝐻𝑃
𝑖𝑛𝑠𝑡

,𝐶𝑏𝑜𝑖𝑙
𝑖𝑛𝑠𝑡
,𝐶𝐻𝑅𝑈

𝑖𝑛𝑠𝑡
Installation costs of CHP, boiler, and
HRU

𝐶𝑇 𝑆
𝑖𝑛𝑠𝑡
,𝐶𝐸𝑆

𝑖𝑛𝑠𝑡
,𝐶𝑃𝑉

𝑖𝑛𝑠𝑡
Installation costs of TS, ES, and PV

𝑐𝑢𝑒,𝑐𝑢𝑞 Unsatisfied power and heat load prices
𝐶𝑜𝑝𝑒𝑟 ,𝐶𝑖𝑛𝑠𝑡 Overall operational and installation costs

Variables
𝑃𝐶𝐻𝑃
𝑡 ,𝑃𝑃𝑉

𝑡 Power generated by CHP and PV at t
𝑃𝑐
𝑡 ,𝑃𝑑

𝑡 Power charged or discharged in ES at t
𝑄𝐶𝐻𝑃

𝑡 ,𝑄𝑏𝑜𝑖𝑙
𝑡 Heat generated by CHP and boiler at t

𝑄𝑐
𝑡 ,𝑄𝑑

𝑡 Heat charged or discharged in TS at t
`𝑐𝑡 ,`𝑑

𝑡 ,𝜔𝑐
𝑡 ,𝜔𝑑

𝑡 Binary variables indicating charging and
dis charging state for ES, TS

\𝑡 , 𝛾𝑡 , _𝑡 , 𝛿𝑡 , 𝛼𝑡 , 𝛽𝑡 Binary variables indicating the status of
CHP, boiler, HRU, TS, ES, PV

𝑆𝑡𝐶𝐻𝑃
𝑡 ,𝑆𝑡𝑏𝑜𝑖𝑙𝑡 ,𝑆𝑡𝐻𝑅𝑈

𝑡 Binary variables indicating startup state
of CHP, boiler, and HRU

𝑆𝑡𝑇 𝑆
𝑡 , 𝑆𝑡𝐸𝑆

𝑡 , 𝑆𝑡𝑃𝑉𝑡 Binary variables indicating startup state
of TS, ES, and PV
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𝐸𝑇 𝑆
𝑡 , 𝐸𝐸𝑆

𝑡 State of charge for TS, ES at t
𝐶𝐶𝐻𝑃
𝑡 , 𝐶𝑏𝑜𝑖𝑙

𝑡 , 𝐶𝐻𝑅𝑈
𝑡 Costs from CHP, boiler, and HRU at t

𝐶𝑇 𝑆
𝑡 , 𝐶𝐸𝑆

𝑡 , 𝐶𝑃𝑉
𝑡 Costs from TS, ES, and PV at t

𝐶
𝑝𝑒𝑛𝑎
𝑡 Costs from unsatisfied power and heat

load at t
𝑢𝑒𝑡 , 𝑢

𝑞
𝑡 Unsatisfied electrical, heat demands at t

1. INTRODUCTION
To date, a majority of the total energy consumed in the

United States to heat homes, run vehicles, power industry and
manufacturing, and provide electricity, has been generated from
fossil fuels such as oil, coal, and natural gas. Eventually, the
degree to which the society depends on fossil fuels will have to
decline as the supplies diminish, the cost of tapping remaining
reserves increase, and the effect of their continued use grows
more critically. To tackle these problems, more efficient and
environmentally friendly energy production systems have been
widely studied in the literature [1, 2]. One of the technologies be-
ing proposed is combined heat and power (CHP) systems, which
combine the heat engine and the power plant to generate elec-
tricity and heat resources simultaneously [3]. The CHP has been
considered as one of the most cost-efficient methods for reduc-
ing carbon emissions in heating systems [4], and also recognized
to be the most energy efficient method of transforming energy
from fossil fuels or biomass into electric power [5, 6]. There-
fore, numerous applications in the fields of farming, industrial
powering, and residential buildings have applied the CHP tech-
nology [7–9]. A detailed introduction about components of the
CHP system as well as their corresponding technology charac-
terizations has been provided by Darrow et al. [6] from the U.S
Environmental Protection Agency. While the application of CHP
systems could potentially provide significant benefits in improv-
ing energy efficiency and environmental sustainability, the design
of CHP systems to optimally integrate different systems compo-
nents and their operational control strategies simultaneously for
enhanced system performances and resilience, especially in the
event of system disruptions, remains a grand challenge to be
addressed.
One of the CHP applications is in microgrids (MGs), which

can efficiently integrate various types of distributed energy
sources, especially renewable energy sources (RESs), to fulfill
different operational requirements and enhance the overall sys-
tem flexibility and reliability [10, 11]. More information for
detailed models of components as well as the layouts for MGs
can be found in the related literature [12, 13]. Recently, a study
of CHP based MG system that includes CHP units in the grid has
been reported and attracts great interests [14]. Although the CHP
based MG system can effectively satisfy both thermal and power
demands by simultaneously generating heat and power resources,
the interdependency among key system components due to the co-
generation behavior on the other hand can significantly limit the
system’s flexibility and resilience to disruptive events. Therefore,
additional grid components providing ancillary service are often
required to enhance the co-generation flexibility and reliability
of the system. These additional grid components may include
the heat recovery unit (HRU), boiler, the thermal storage system
(TS), and the power storage system (ES). Moreover, MGs can

utilize RES such as photovoltaic (PV) panels to make the heat
and power production more environmentally friendly and cost
effective [15–18]. However, adding additional grid components
into the MG system will increase the system complexity, making
it more difficult for the operations control and management. For
example, with an increased system complexity, it will be more
challenging for system operators to find an optimal production
plan that maximizes the economic and environmental benefits.
Hence, an effective operations management system for schedul-
ing different resources under operational constraints is crucially
needed to accomplish the system objective. In addition to the
challenges in operations, complex interdependence among differ-
ent components of an MG makes it vulnerable towards external
disruptions. Consequently, how to mitigate the negative impacts
of potential disruptive events is an important yet challenging task
during the design stage to improve the resilience and reliabil-
ity of CHP based MGs. Wang et al. [19] presented a compre-
hensive review on resilience-oriented modeling and operational
strategies for MGs. Extensive studies have also been conducted
on resilience modeling, quantification, control and optimization
[20–25]. Additionally, Hu et al. [26] conducted the study of using
different control strategies to optimize the system design with an
emphasis on improving system reliability. Wu and Wang [27]
compared different control strategies for enhancing system’s re-
silience when undergoing disruptions. Moreover, different recov-
ery methods have been identified optimally to improve the grids’
resilience after disruptions by deploying resources proactively
[28, 29].
Besides resilience against system disruptions, studies have

also been reported in the literature to analyze the performance of
CHPs with respect to the installation and operation costs while
satisfying energy demands. Zafarani et al. [30] and Odonkor et
al. [31, 32] presented the study of robust operation of a multicar-
rier energy system (MES), which share the same characteristic as
a CHP unit. Apart from the operation, the design of an MG sys-
tem such as sizing of key system components can affect not only
the initial installation costs but also the overall energy production
performance and operation and maintenance (O&M) costs. For
instance, if the capacity of a boiler is not adequately installed,
the MG could potentially not be able to satisfy the heat demand
during the peak hours. In the contrast, there will be unnecessary
installation and O&M costs if the boiler’s capacity is designed to
be excessive. To facilitate the design of the CHP based MG sys-
tem, models for different system components have been derived
from the collected historic data [33, 34], which take into account
variations in the performances and costs as induced by different
ratings and operating conditions. The overall costs of the CHP
based MG system including both installation and operating costs
would depend on the system design as well as the operational
controls.
Although studies have been conducted separately at the MG

design stage or the operational control stage to enhance its per-
formances, without considering the couplings between the MG
system designs and operation controls holistically, they usually
produce suboptimal results with low reliability and economic
efficiency. Thus, to address the challenge and further enhance
resilience and economical efficiency of the CHP based MGs, this
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paper presents a co-design framework that integrates the system
component designs with their operational control optimization
while considering potential disruptive scenarios in advance. Co-
design has been widely used in solving multidisciplinary design
optimization (MDO) problems [35]. Cui et al. [36] compared
design formulations and problem-solving strategies for better
solving reliability-based co-design problems. Nash et al. [37]
presented a model fidelity-based decomposition (MFBD) hierar-
chical control co-design (HCCD) algorithm designed to optimize
system performance characteristics. Liu et al. [38] formulated
two decentralized approaches to solve multisubsystem co-design
problems. In this paper, we propose a two-stage co-design op-
timization model to identify not only the optimal designs but
also the optimal operation management strategies of an CHP
based MG system. To validate the effectiveness of the developed
co-design methodology in improving system resilience and cost
efficiency, a case study has been conducted that evaluates the
system design performances under different scenarios, with and
without external disruptions.
The rest of the paper is organized as follows: Sec. 2 presents

the developed co-design optimizationmodel for CHP-basedMGs,
Sec. 3 evaluates the developed co-design methodology with a de-
sign case study considering different operating conditions, and
Sec. 4 concludes the study with brief discussions on the effec-
tiveness of the developed co-design methodology.

2. CO-DESIGN MODEL FOR CHP-BASED MGS
The co-design methodology developed in this paper consists

of two interdependent optimization sub-problems: the optimal
operations control of the CHP-based MG system and the optimal
design of the CHP-based MG system with configurations of key
system components. The objective is to minimize the total cost of
the CHP-based MG system which includes the production costs,
O&M costs, startup costs, and extra penalty costs from unsatis-
fied power and heat demands. As for the first optimization sub-
problem, we will consider the optimal operations control of the
CHP components for a givenMG system design, such as schedul-
ing on-off state of components, the generations of heat and power,
and controlling the state of charge of the energy storage system to
minimize the cost. For the second optimization sub-problem, it
is intended to optimize the specific design parameters of the key
components of the CHP based MG system such as the installa-
tion ratings and storage capacities, which will in turn affect the
optimal operations control in the first optimization sub-problem.
Since optimums of system operations control parameters in the
first optimization sub-problem and system design parameters in
the second one are dependents, they can be derived iteratively
through solving these two sub-optimization problems jointly as
a whole. Since the design and operations control parameters are
associatedwith different cost items in the total cost, the goal of the
co-design model is thus to find the most cost-effective solutions
while considering different design and operation constraints, as
shown in Eqn. (1) below.

min𝐶𝑜𝑝𝑒𝑟 + 𝐶𝑖𝑛𝑠𝑡 (1)

Overall, the co-design optimization problem is nonlinear and
discrete, and therefore can be viewed as a MIP model. The

’branch and cut ’ [39] algorithm is applied to solve the opti-
mization in Gurobi optimizer [40]. The developed co-design
methodology is further detailed in the following sections.

2.1 Heat and Power Scheduling Optimization
The CHP-based MG model in this paper mainly consists of

six components: CHP, boiler, HRU, TS, ES, and PV as shown in
Fig. 1. In the configuration, the solar irradiation will be absorbed
by the PV system to generate electrical power, which can be
stored in the ES and further used to serve the electric demands
after going through DC/AC by converters. On the other hand,
the CHP subsystem transfers energy from fuels into heat and
electricity simultaneously. The excessive electricity generated
from the CHP can also be stored in the ES, while the heat will be
delivered into the HRU with inevitable thermal losses. The HRU
can then transfer the heat into useful thermal energy, which can
be stored in the TS and further used to serve the thermal demands.
Additionally, the boiler can also be used to generate useful thermal
energy from fuels directly, in case the production from the CHP
cannot satisfy the thermal demands in the system. Note that the
heat stored in the TS in this configuration, unlike ES, will be
lost gradually as time goes on. With all these heterogeneous
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Heat 
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Thermal 
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FIGURE 1: CONFIGURATION OF A CHP-BASED MG MODEL

components in the CHP based MG system, there is a need to find
the optimal combination of those components to minimize the
daily production cost. The objective function for such daily cost
can be hourly summarized in Eqn. (2):

min𝐶𝑜𝑝𝑒𝑟 =

24∑︂
𝑡=1

(𝐶𝐶𝐻𝑃
𝑡 + 𝐶𝑏𝑜𝑖𝑙

𝑡 + 𝐶𝐻𝑅𝑈
𝑡

+𝐶𝑇 𝑆
𝑡 +𝐶𝐸𝑆

𝑡 + 𝐶𝑃𝑉
𝑡 + 𝐶

𝑝𝑒𝑛𝑎
𝑡 ),

(2)

where the total operation cost to be minimized includes startup
and O&M costs of each of these key components. Addition-
ally, unsatisfied heat and electricity demands will be penalized
by including an extra cost item in the total cost. Furthermore,
Eqns. (3)-(7) show how to calculate the operational cost of each
individual component. For the cost from CHP and boiler in
Eqns. (3)-(4), the first term represents the fuel consumption cost;
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the second term indicates the costs from operation and mainte-
nance; the third term is the startup cost of the component. The
cost items shown in Eqns. (5)-(8) only depend on O&M and
startup process decisions, since the respective components do
not consume fuels in operation. Lastly, the cost resulted from
unsatisfied loads is characterized in Eqn. (9).

𝐶𝐶𝐻𝑃
𝑡 = 𝑐𝑓 𝑢𝑒𝑙

𝑃𝐶𝐻𝑃
𝑡

[𝐶𝐻𝑃
+ \𝑡𝐶

𝐶𝐻𝑃
𝑂𝑀 +𝑆𝑡𝐶𝐻𝑃

𝑡 𝐶𝐶𝐻𝑃
𝑠 , (3)

𝐶𝑏𝑜𝑖𝑙
𝑡 = 𝑐𝑓 𝑢𝑒𝑙

𝑄𝑏𝑜𝑖𝑙
𝑡

[𝑏𝑜𝑖𝑙
+ 𝛾𝑡𝐶

𝑏𝑜𝑖𝑙
𝑂𝑀 + 𝑆𝑡𝑏𝑜𝑖𝑙𝑡 𝐶𝑏𝑜𝑖𝑙

𝑠 , (4)

𝐶𝐻𝑅𝑈
𝑡 = _𝑡𝐶

𝐻𝑅𝑈
𝑂&𝑀 + 𝑆𝑡𝐻𝑅𝑈

𝑡 𝐶𝐻𝑅𝑈
𝑠 , (5)

𝐶𝑇 𝑆
𝑡 = 𝛿𝑡𝐶

𝑇 𝑆
𝑂&𝑀 + 𝑆𝑡𝑇 𝑆

𝑡 𝐶𝑇 𝑆
𝑠 , (6)

𝐶𝐸𝑆
𝑡 = 𝛿𝑡𝐶

𝐸𝑆
𝑂&𝑀 + 𝑆𝑡𝑇 𝑆

𝑡 𝐶𝐸𝑆
𝑠 , (7)

𝐶𝑃𝑉
𝑡 = 𝛽𝑡𝐶

𝑃𝑉
𝑂&𝑀 + 𝑆𝑡𝑃𝑉𝑡 𝐶𝑃𝑉

𝑠 , (8)
𝐶

𝑝𝑒𝑛𝑎
𝑡 = 𝑐𝑢𝑒𝑢

𝑒
𝑡 + 𝑐𝑢𝑞𝑢

𝑞
𝑡 . (9)

The operation of the CHP is controlled by Eqns. (10)-(13), where
Eqn. (10) calculates the useful heat recovered from the HRU;
Eqns (11) and (12) introduce the predefined limit of power and
heat generated by CHP, respectively. Moreover, as generators
are typically restricted on their ramp up and ramp down rates
for power generation in practical applications, these constraints
are correspondingly implemented in Eqn. (13). While the power
and heat generations are correlated in the CHP and the heat is
passively produced, considering the ramping rates for heat gen-
eration is often not necessary. More details for the formulations
of the CHP can be found in [41].

𝑄𝐶𝐻𝑃
𝑡 =

𝑃𝐶𝐻𝑃
𝑡

[𝐶𝐻𝑃
(1−[𝐶𝐻𝑃−[𝐶𝐻𝑃

𝑙𝑜𝑠𝑠 )[𝐻𝑅𝑈 , (10)

0 ≤ 𝑃𝐶𝐻𝑃
𝑡 ≤ 𝑃𝐶𝐻𝑃

max , (11)

0 ≤ 𝑄𝐶𝐻𝑃
𝑡 ≤ 𝑄𝐶𝐻𝑃

max , (12)

𝑅𝑑𝐶𝐻𝑃
max ≤

𝑃𝐶𝐻𝑃
𝑡 − 𝑃𝐶𝐻𝑃

𝑡−1
𝑡 − (𝑡 − 1) ≤ 𝑅𝑢𝐶𝐻𝑃

max . (13)

Besides operating the CHP, we also need to consider the ON/OFF
status of each component in the MG. All six components consid-
ered can either be enabled or disabled at every moment to fulfill
different operating conditions. Enable a component requires ad-
ditional operational and maintenance costs. Therefore, it will
be beneficial to switch off any component to reduce the overall
cost if the generation is excessive in the MG. For instance, if the
PV and the boiler can meet the requirement of power and heat
demand at time 𝑡 in a more costs-effective way, then the CHP can
be disabled to cut down costs. And Eqn. (14) encodes this logic
for operational status switching:

𝑃𝐶𝐻𝑃
𝑡 ≤ \𝑡 𝐴, (14)

where \𝑡 is a binary control variable for CHP. CHP is enabled
when \𝑡 equals to 1, and it is disabled otherwise. Nonetheless,
switching the component on and off cannot be performed arbi-
trarily without any cost. Whenever the components are started,
additional startup costs due to extra energy consumption are im-
posed. And this cost prevents all components from restarting too

frequently during the operation. Instead, the optimal scheduling
is needed to determine when and which component is enabled or
disabled at each time step. The relationship between the status
variable \𝑖 and the startup decision variable 𝑆𝑡𝐶𝐻𝑃

𝑡 can be de-
scribed in Eqn. (15). This equation is used to determine whether
the CHP is enabled at time 𝑡. If \𝑡 − \𝑡−1 = 1, then the CHP
has been restarted and the corresponding startup cost shows up.
Otherwise the CHP is not enabled and 𝑆𝑡𝐶𝐻𝑃

𝑡 = 0 at time step 𝑡.

\𝑡 − \𝑡−1 ≤ 𝑆𝑡𝐶𝐻𝑃
𝑡 ,

(\𝑡 − \𝑡−1 − 1) × 𝑆𝑡𝐶𝐻𝑃
𝑡 = 0. (15)

Moreover, Eqns. (16) and (17) introduce the lower/upper bound
of the heat generation and the ramping rate for the boiler, respec-
tively. Equation. (18) controls the output from boiler by incor-
porating a binary status indicator 𝛾𝑖 . And similiar to Eqn. (15),
Eqn. (19) determines whether to start the boiler at time step 𝑡

based on the status variable 𝛾𝑖 .

0 ≤ 𝑄𝑏𝑜𝑖𝑙
𝑡 ≤ 𝑄𝑏𝑜𝑖𝑙

max , (16)

𝑅𝑑𝑏𝑜𝑖𝑙max ≤
𝑄𝑏𝑜𝑖𝑙

𝑡 −𝑄𝑏𝑜𝑖𝑙
𝑡−1

𝑡 − (𝑡 − 1) ≤ 𝑅𝑢𝑏𝑜𝑖𝑙max , (17)

𝑄𝑏𝑜𝑖𝑙
𝑡 ≤ 𝐴𝛾𝑖 , (18)

𝛾𝑡 − 𝛾𝑡−1 ≤ 𝑆𝑡𝑏𝑜𝑖𝑙𝑡 ,

(𝛾𝑡 − 𝛾𝑡−1 − 1) × 𝑆𝑡𝑏𝑜𝑙𝑒𝑟𝑡 = 0 (19)

Furthermore, for HRU, Eqns. (20)-(22) model the HRU’s capac-
ity, on-off status, and startup decisions, respectively.

0 ≤ 𝑄𝐻𝑅𝑈
𝑡 ≤ 𝑄𝐻𝑅𝑈

max , (20)
𝑄𝐻𝑅𝑈

𝑡 ≤ 𝐴_𝑖 , (21)
_𝑡 − _𝑡−1 ≤ 𝑆𝑡𝐻𝑅𝑈

𝑡 ,

(_𝑡 − _𝑡−1 − 1) × 𝑆𝑡𝐻𝑅𝑈
𝑡 = 0 (22)

So far we have introduced the modeling for CHP, boiler, and
HRU units in the MG. To improve the efficiency of utilizing heat
and power resources, additional TS and ES can be installed in
the system. Based on the modeling of TS and ES developed in
[42], this paper formulates constraints for operating the TS and
ES by considering their on-off status, operation/maintenance and
startup costs. As for TS, the corresponding operational condition
is determined by Eqn. (23), where the SOC in the next time step
𝐸𝑇 𝑆
𝑡+1 depends on the current SOC, the heat flow in and out, and
the heat loss rate with predefined efficiency constant. Equation
(24) adds capacity constraints for the SOC of the TS to ensure
the stability of the unit. Equation (25) provides the limit of the
heat power charging and discharging rates within a given range.
Moreover, Eqn. (26) indicates that the heat discharged from theTS
cannot surpass the current SOC. And the TS cannot be charged
and discharged at the same time as shown in Eqn. (27). By
following Eqn. (28), we can only discharge/charge the TS when
it is enabled. Lastly, Eqn. (29) derives the restart decisions for
the TS during operations.
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𝐸𝑇 𝑆
𝑡+1 = (1 − [𝑇 𝑆

𝑙𝑜𝑠𝑠)𝐸
𝑇 𝑆
𝑡 + [𝑇 𝑆

𝑐 𝑄𝑐
𝑡 −𝑄𝑑

𝑡 /[𝑇 𝑆
𝑑 , (23)

𝐸𝑇 𝑆
min ≤ 𝐸𝑇 𝑆

𝑡 ≤ 𝐸𝑇 𝑆
max, (24)

𝜔𝑐
𝑡 𝑄

𝑐
min ≤ 𝑄𝑐

𝑡 ≤ 𝜔𝑐
𝑡 𝑄

𝑐
max,

𝜔𝑑
𝑡 𝑄

𝑑
min ≤ 𝑄𝑑

𝑡 ≤ 𝜔𝑑
𝑡 𝑄

𝑑
max,

(25)

𝑄𝑑
𝑡 ≤ 𝐸𝑇 𝑆

𝑡 , (26)

𝜔𝑐
𝑡 + 𝜔𝑑

𝑡 ≤ 1, (27)

𝜔𝑐
𝑡 , 𝜔

𝑑
𝑡 ≤ 𝐴𝛿𝑡 , (28)

𝛿𝑡 − 𝛿𝑡−1 ≤ 𝑆𝑡𝑇 𝑆
𝑡 ,

(𝛿𝑡 − 𝛿𝑡−1 − 1) × 𝑆𝑡𝑇 𝑆
𝑡 = 0. (29)

By modifying the formulations of the TS, the constraints of op-
erating the ES are derived as shown in Eqns. (30)-(36). Note that
the difference here as compared to Eqn. (23) is that the energy
loss term, [𝑇 𝑆

𝑙𝑜𝑠𝑠
, has been omitted because the fact that the elec-

tricity loss rate in ES is usually much smaller than the heat loss
rate in TS in Eqn. (30).

𝐸𝐸𝑆
𝑡+1 = 𝐸𝐸𝑆

𝑡 + [𝐸𝑆
𝑐 𝑃𝑐

𝑡 − 𝑃𝑑
𝑡 /[𝐸𝑆

𝑑 , (30)

𝐸𝐸𝑆
min ≤ 𝐸𝐸𝑆

𝑡 ≤ 𝐸𝐸𝑆
max, (31)

`𝑐𝑡 𝑃
𝑐
min ≤ 𝑃𝑐

𝑡 ≤ `𝑐𝑡 𝑃
𝑐
max,

`𝑑
𝑡 𝑃

𝑑
min ≤ 𝑃𝑑

𝑡 ≤ `𝑑
𝑡 𝑃

𝑑
max,

(32)

𝑃𝑑
𝑡 ≤ 𝐸𝐸𝑆

𝑡 , (33)

`𝑐𝑡 + `𝑑
𝑡 ≤ 1, (34)

`𝑐𝑡 , `
𝑑
𝑡 ≤ 𝐴𝛼𝑡 , (35)

`𝑡 − `𝑡−1 ≤ 𝑆𝑡𝐸𝑆
𝑡 ,

(`𝑡 − `𝑡−1 − 1) × 𝑆𝑡𝐸𝑆
𝑡 = 0. (36)

As for the PV unit, Eqns. (37)-(39) are used to control its capacity,
on-off status, and startup decisions, respectively.

0 ≤ 𝑃𝑃𝑉
𝑡 ≤ 𝑃𝑃𝑉

max, (37)
𝑃𝑃𝑉
𝑡 ≤ 𝐴𝛽𝑖 , (38)

𝛽𝑡 − 𝛽𝑡−1 ≤ 𝑆𝑡𝑃𝑉𝑡 ,

(𝛽𝑡 − 𝛽𝑡−1 − 1) × 𝑆𝑡𝑃𝑉𝑡 = 0. (39)

In the co-design model, in addition to the formulations of
operating the aforementioned components, we also need to op-
timally fulfill the heat and power demands. Thus, Eqns. (40)
and (41) quantify any unsatisfied demand 𝑢𝑞𝑡 and 𝑢𝑒𝑡 in the MG.
The heat load is served by the resources generated from the CHP,
boiler, and TS, while the electrical load is served by the CHP, PV,
and ES. During the online operation, if the total heat or power
generation is not enough to satisfy the demand in the MG, then
𝑢
𝑞
𝑡 or 𝑢𝑒𝑡 will be positive and extra penalty costs can be calculated
by Eqn. (9). As a result, purchasing commodities from the main
grid to mitigate the shortage is required, which leads to additional
costs as quantified in Eqn. (9).

𝐷
𝑄
𝑡 − (𝑄𝐶𝐻𝑃

𝑡 +𝑄𝑏𝑜𝑖𝑙
𝑡 + (𝑄𝑑

𝑡 −𝑄𝑐
𝑡 )) = 𝑢

𝑞
𝑡 , (40)

𝐷𝐸
𝑡 − (𝑃𝐶𝐻𝑃

𝑡 + [𝑐𝑣𝑡𝑃𝑃𝑉
𝑡 + (𝑃𝑑

𝑡 − 𝑃𝑐
𝑡 )) = 𝑢𝑒𝑡 . (41)

It’s noteworthy tomention that the formulations of Eqns. (40)
and (41) enable the co-design model to consider both the nominal

and disruptive operating scenarios for the CHP based MG system
design. For example, sudden decrements in the CHP capacity can
be related to the parameter 𝑄𝐶𝐻𝑃

𝑡 , and changes in 𝐷𝑄
𝑡 /𝐷𝐸

𝑡 can
also reflect the surge or dip in the heat/power demands. Hence
in the case study, five disruptive scenarios are pre-considered
together before optimization. With the considerations of potential
disruptive scenarios, optimal solutions for designing the MG and
scheduling the heat/power generations can be derived, and further
make the system more resilient.

2.2 Components Design Optimization
While the formulation of the first optimization sub-problem

in operations control has been discussed in Sec. 2.1, in this section
the second optimization sub-problem for the CHP-basedMG sys-
tem design with heterogeneous components will be elaborated.
Each of the six components has its own set of design parameters,
which will significantly affect its performance in the operation
stage. In this study, we need to optimize system design parame-
ters which are associated with different system installation costs.
And the installation cost is calculated according to Eqn. (42)
based on the Min-Max normalization technique in [43]. The val-
ues of design parameters and component installation costs are all
transferred from their given design spaces to a [0, 1] range, and
the installation cost for the component 𝑖, which is also normalized
to be within the range [0, 1], equals to the mean of all its param-
eters’ values. In this formulation, we assume that all parameters
are positively correlated with the installation cost, i.e. a larger
capacity usually leads to a higher cost. For a component with
several design parameters, we equally weight all parameters in
the calculation of the final installation cost.

𝐶
𝑐𝑖
𝑖𝑛𝑠𝑡

− 𝐶
𝑐𝑖
𝑖𝑛𝑠𝑡_𝑙𝑏

𝐶
𝑐𝑖
𝑖𝑛𝑠𝑡_𝑢𝑏 − 𝐶

𝑐𝑖
𝑖𝑛𝑠𝑡_𝑙𝑏

=
1
𝑛𝑖

𝑛𝑖∑︂
𝑗=1

𝑣𝑖 𝑗 − 𝑣𝑖 𝑗_𝑙𝑏

𝑣𝑖 𝑗_𝑢𝑏 − 𝑣𝑖 𝑗_𝑙𝑏

∀𝑖 ∈ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠,

(42)

where 𝑛𝑖 is the number of design parameters of component 𝑖; 𝑣𝑖 𝑗 ,
𝑣𝑖 𝑗_𝑢𝑏 , 𝑣𝑖 𝑗_𝑙𝑏 are the design value, upper bound, and lower bound
of the design parameter 𝑗 for component 𝑖, respectively; 𝐶𝑐𝑖

𝑖𝑛𝑠𝑡
,

𝐶
𝑐𝑖
𝑖𝑛𝑠𝑡_𝑢𝑏 , 𝐶

𝑐𝑖
𝑖𝑛𝑠𝑡_𝑙𝑏 are the value, upper bound, and lower bound of

installation cost for component 𝑖, respectively.
Taking the PV design as an example, there are a total of

three design parameters to be considered. Each parameter is
normalized to be within the interval of [0, 1] by subtracting its
lower limit and dividing its range. For example, if the design
values of 𝑃𝑃𝑉

𝑚𝑎𝑥 , 𝐶𝑃𝑉
𝑠 , and 𝐶𝑃𝑉

𝑂𝑀
are 1150𝑘𝑊 , $18/ℎ, and $5/ℎ

respectively, and the design spaces for the three parameters are
(800−1500)𝑘𝑊 , ($10−$30)/ℎ, and ($5−$25)/ℎ, then the nor-
malized values of the three parameters are 0.5, 0.4, and 0. Thus,
after calculating the mean value of the three normalized values,
we get the normalized result of 𝐶𝑃𝑉

𝑖𝑛𝑠𝑡
to be 0.3. Furthermore, if

the cost range of 𝐶𝑃𝑉
𝑖𝑛𝑠𝑡
is within ($2000 − $3000), then the 𝐶𝑃𝑉

𝑖𝑛𝑠𝑡

equals to $2300 w.r.t the previous normalized result of 0.3.
Table 1 summarizes the parameters that can be designed for

each component. There are 33 parameters in total while each
parameter can be decided from a certain range. The installation
cost of each component also has a predefined range, and can be
calculated from Eqn. (42). Then, with all the formulations on
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hand, we can optimize the co-design model to obtain the opti-
mal design parameters as well as the scheduling for heat/power
generations, by minimizing the overall cost shown in Eqn. (1).

TABLE 1: DESIGN PARAMETERS OF COMPONENTS IN THE MG

Components Parameters

CHP 𝑃𝐶𝐻𝑃
max , 𝑄𝐶𝐻𝑃

max , [𝐶𝐻𝑃 , 𝐶𝐶𝐻𝑃
𝑠 ,

𝐶𝐶𝐻𝑃
𝑂𝑀

, 𝑅𝑢𝐶𝐻𝑃
max , 𝑅𝑑𝐶𝐻𝑃

max

Boiler 𝑄𝑏𝑜𝑖𝑙
max , [𝑏𝑜𝑖𝑙 , 𝐶𝑏𝑜𝑖𝑙

𝑠 ,
𝐶𝑏𝑜𝑖𝑙
𝑂𝑀
, 𝑅𝑢𝑏𝑜𝑖𝑙max , 𝑅𝑑𝑏𝑜𝑖𝑙max

HRU [𝐻𝑅𝑈 , 𝐶𝐻𝑅𝑈
𝑠 , 𝐶𝐻𝑅𝑈

𝑂𝑀

TS 𝐸𝑇 𝑆
max, [𝑇 𝑆

𝑐 , [𝑇 𝑆
𝑑
, 𝑄𝑐
max, 𝑄𝑑

max, 𝐶𝑇 𝑆
𝑠 , 𝐶𝑇 𝑆

𝑂𝑀

ES 𝐸𝐸𝑆
max, [𝐸𝑆

𝑐 , [𝐸𝑆
𝑑
, 𝑃𝑐
max, 𝑃𝑑

max, 𝐶𝐸𝑆
𝑠 , 𝐶𝐸𝑆

𝑂𝑀

PV 𝑃𝑃𝑉
max, 𝐶𝑃𝑉

𝑠 , 𝐶𝑃𝑉
𝑂𝑀
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FIGURE 2: DAILY PV GENERATION, ELECTRICITY AND HEAT DE-
MAND USED IN THE CASE STUDY

3. CASE STUDY
To demonstrate the effectiveness of the proposed optimiza-

tion model, we consider to control the operations as well as to
optimize the design of a CHP based MG with a layout shown in
Fig. 1. Figure 2 summarizes the data used in the case study,
including the daily heat and electrical loads as well as the PV
generation in the MG. The energy demand data is adopted from
[41].
Table 2 shows the values of each parameter and the range of

the installation cost of each component as well as other constants
used in the optimizationmodel. The CHP considered in this study
relies on the reciprocating engine technology, and corresponding
parameters’ specifications are adopted from [6, 44]. The settings
of parameters of the HRU, boiler, TS, ES as well as the PV are
adopted from the studies in [6, 44–47]. The initial SoC for TS/ES
is set to be 0.8/0.3 correspondingly. The co-design simulation
model is formulated as an MIP model and solved by the Gurobi
optimizer [40]with the PythonAPI.Wefirst consider an operating
scenario without any external disruptions followed by the case

study on the same CHP basedMGwith disruptive events injected
during the operation. Simulation results demonstrate that the
proposed co-optimization model is applicable for the MG in both
scenarios.

TABLE 2: DESIGN SCOPE AND SPECIFIC VALUE OF PARAMETERS

Parameters Ranges or Values Parameters Ranges or Values

𝑃𝐶𝐻𝑃
max 4000-6000 kW 𝑄𝐶𝐻𝑃

max 4000-6000 kW
[𝐶𝐻𝑃 0.27-0.41 𝐶𝐶𝐻𝑃

𝑠 $10-$30/h
𝐶𝐶𝐻𝑃
𝑂𝑀

$5-$25/h 𝑅𝑢𝐶𝐻𝑃
max 500-1500 kW/h

𝑅𝑑𝐶𝐻𝑃
max 500-1500 kW/h 𝑄𝑏𝑜𝑖𝑙

max 4000-6000 kW
[𝑏𝑜𝑖𝑙 0.7-0.8 𝐶𝑏𝑜𝑖𝑙

𝑠 $10-$30/h
𝐶𝑏𝑜𝑖𝑙
𝑂𝑀

$5-$25/h 𝑅𝑢𝑏𝑜𝑖𝑙max 1000-3000 kW/h
𝑅𝑑𝑏𝑜𝑖𝑙max 1000-3000 kW/h [𝐻𝑅𝑈 0.7-0.8
𝐶𝐻𝑅𝑈
𝑠 $10-$30/h 𝐶𝐻𝑅𝑈

𝑂𝑀
$5-$25/h

𝐸𝑇 𝑆
max 1200-3200 kWh [𝑇 𝑆

𝑐 0.9-0.95
[𝑇 𝑆
𝑑

0.9-0.95 𝑄𝑐
max 500-1000 kW

𝑄𝑑
max 500-1000 𝐶𝑇 𝑆

𝑠 $10-$30/h
𝐶𝑇 𝑆
𝑂𝑀

$5-$25/h 𝐸𝐸𝑆
max 1000-3000 kWh

[𝐸𝑆
𝑐 0.9-0.95 [𝐸𝑆

𝑑
0.9-0.95

𝑃𝑐
max 300-1000 kW 𝑃𝑑

max 300-1000 kW
𝐶𝐸𝑆
𝑠 $10-$30/h 𝐶𝐸𝑆

𝑂𝑀
$5-$25/h

𝑃𝑃𝑉
max 800-1500 kW 𝐶𝑃𝑉

𝑠 $10-$30/h
𝐶𝑃𝑉
𝑂𝑀

$5-$25/h 𝐴 100000
𝑐𝑓 𝑢𝑒𝑙 $0.49/h [𝑇 𝑆

𝑙𝑜𝑠𝑠
0.05

[𝐶𝐻𝑃
𝑙𝑜𝑠𝑠

0.01 [𝐶𝐻𝑃 0.9
𝑐𝑢𝑒 $40/kWh 𝑐𝑢𝑞 $40/kWh
𝐸𝑇 𝑆
0 0.8𝐸𝑇 𝑆

max 𝐸𝐸𝑆
0 0.3𝐸𝐸𝑆

max
𝐶𝐶𝐻𝑃
𝑖𝑛𝑠𝑡

$1,500-$2,900 𝐶𝑏𝑜𝑖𝑙
𝑖𝑛𝑠𝑡

$3,000-$4,500
𝐶𝐻𝑅𝑈
𝑖𝑛𝑠𝑡

$500-$1,000 𝐶𝑇 𝑆
𝑖𝑛𝑠𝑡

$3,000-$4,500
𝐶𝐸𝑆
𝑖𝑛𝑠𝑡

$3,000-$4,500 𝐶𝑃𝑉
𝑖𝑛𝑠𝑡

$2,000-$3,000

3.1 Results Under Non-disruptive Scenario
First we solve the optimization model introduced in Sec. 2

without considering any component outage. The co-optimization
model is first parameteraized by the values shown in Table 2.
The model is solved to satisfy the loads as shown in Fig. 2. The
corresponding optimal solutions of the parameters of each com-
ponent are derived and shown in Table 3. Based on the results of
these design parameters, the optimal installation cost 𝐶𝑖𝑛𝑠𝑡 can
be found as $15, 305, after solving Eqn. (42). Notice that, results
shown in Table 3 indicate that the optimal solutions of the oper-
ation/maintenance cost and the startup cost are at the minimum
level within the predefined parameter range. This observation
means that obtaining the lowest cost for both operation and in-
stallation at the same time is preferable during the component
design stage. From the numerical results, another observation is
that the the heat generation efficiency of the boiler and the heat re-
covery efficiency of the HRU are designed to be the largest value
from their given ranges. This is a realization of the trade-off be-
tween the installation cost and the online operational cost, i.e., a
component with a lager capacity requires more initial investment
but is less prone to cause energy shortages or frequent restart-
ing. Thus, simulation results suggest that the benefits of having
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FIGURE 3: ELECTRICAL AND THERMAL DEMAND, PRODUCTION, STORAGE STATUS IN THE CHP BASED MG.
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FIGURE 4: CHARGING AND DISCHARGING STATUS OF ES AND TS.

efficient boiler and HRU outperform the higher initial fixed cost
from setting up such units in the CHP based MG.

As for the case study results during the operational stage,
Fig. 3 shows the dynamic power/heat demand, the power/heat
generation from CHP, boiler, PV, and the SOC of the TS/ES unit.
In this study, we consider an operation horizon of 24 times steps
to simulate the system performance spanning one day. Results in
Fig. 3 are the solutions for optimally scheduling the power/heat
generation from different components given the specific design
parameters shown in Table 3. As a result, the daily optimal
operational cost 𝐶𝑜𝑝𝑒𝑟 is found to be $11, 331.2. To analyze the
behavior of the energy storage units, Fig. 4 illustrates the charging
and discharging status of the ES and TS units. Recall that the
initial SOC for the ES and TS at time 0 is set to be 0.3 and 0.8,
respectively. It is seen fromFig. 4 that the TS only discharges heat
during the daytime, while the heat from the TS and boiler together
satisfies the heat demand that cannot be met by the CHP. In the
contrast, the ES charging and discharging frequency is higher.
This may due to the large amplitude variance of the electrical
demand during the day. On the other hand, Fig. 5 shows the

detailed on-off status of all six components in the CHP based
MG. At each time step, the grey block means that the component
is enabled, while the white block indicates the component is
disabled. Based on the status results, the CHP, boiler, and HRU
are enabled through the whole simulation time span (one day),
while TS, ES, and PV are disabled intermittently.
To summarize, from results of the systemperformance shown

in Fig. 3, the heat and power loads can be completely satisfied
in the MG that is designed based on the co-design method. By
analyzing the trends of the generations and demands in the MG,
it is found that the generating units, e.g. the CHP, boiler, and PV,
have optimally adjusted their outputs to minimize the operating
cost. And the total cost of such a CHP based MG including both
the design cost and the operational cost in one day is $26, 636.2
based on Eqn. (1).
In order to verify the effectiveness of the co-design optimiza-

tionmodel, we further choose themiddle value of the design range
for each parameter in Table 2 as the initial design and perform
optimization. Because of page limit, we will not show visual-
ized results of the initial design. The installation cost 𝐶𝑖𝑛𝑠𝑡 is
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FIGURE 5: ON-OFF STATUS OF THE COMPONENTS.

TABLE 3: OPTIMAL DESIGN SOLUTIONS UNDER THE NON-
DISRUPTIVE SCENARIO

Parameter Optimal Value Parameter Optimal Value

𝑃𝐶𝐻𝑃
max 4428.6 kW [𝑇 𝑆

𝑐 0.9
𝑄𝐶𝐻𝑃
max 5015.3 kW [𝑇 𝑆

𝑑
0.9

[𝐶𝐻𝑃 0.41 𝑄𝑐
max 500 kW

𝐶𝐶𝐻𝑃
𝑠 $10/h 𝑄𝑑

max 500
𝐶𝐶𝐻𝑃
𝑂𝑀

$5/h 𝐶𝑇 𝑆
𝑠 $10/h

𝑅𝑢𝐶𝐻𝑃
max 745.9 kW/h 𝐶𝑇 𝑆

𝑂𝑀
$5/h

𝑅𝑑𝐶𝐻𝑃
max 908.7 kW/h 𝐸𝐸𝑆

max 1803.1 kWh
𝑄𝑏𝑜𝑖𝑙
max 4907.3 kW [𝐸𝑆

𝑐 0.9
[𝑏𝑜𝑖𝑙 0.8 [𝐸𝑆

𝑑
0.9

𝐶𝑏𝑜𝑖𝑙
𝑠 $10/h 𝑃𝑐

max 382.7 kW
𝐶𝑏𝑜𝑖𝑙
𝑂𝑀

$5/h 𝑃𝑑
max 871.4 kW

𝑅𝑢𝑏𝑜𝑖𝑙max 1000 kW/h 𝐶𝐸𝑆
𝑠 $10/h

𝑅𝑑𝑏𝑜𝑖𝑙max 1037.1 kW/h 𝐶𝐸𝑆
𝑂𝑀

$5/h
[𝐻𝑅𝑈 0.8 𝑃𝑃𝑉

max 800 kW
𝐶𝐻𝑅𝑈
𝑠 $10/h 𝐶𝑃𝑉

𝑠 $10/h
𝐶𝐻𝑅𝑈
𝑂𝑀

$5/h 𝐶𝑃𝑉
𝑂𝑀

$5/h
𝐸𝑇 𝑆
max 1200 kWh

$17991.7, and the daily optimal operational cost 𝐶𝑜𝑝𝑒𝑟 is found
to be $12578.4, which are both higher than the corresponding
costs derived from the optimization. Most importantly, 1527.47
kWh unsatisfied load will be produced when applying the initial
design. The unsatisfied load will result in a great loss according
to Eqn. (9). In the end, the total cost of the initial design is
$91668.9, which is a lot more higher than $26636.2, the optimal
cost obtained from the co-design optimization.

3.2 Results Under Disruptive Scenarios
In Sec 3.1, we have demonstrated the results for the system

during both the design and operational stage with the assumption
of a perfect operating condition. However, disruptive events are
hard to avoid for the power and heat generation process in practice.
For instance, the demand in the system can be challenging to
predict, and unpredicted outages can happen in any component
in the MG. Thus, to access the system capability of handling
external disruptive events, the co-design model is solved again
considering following five disruptive events occurring during the
operation.

• PV fails between the time steps 6 − 9.

• The CHP capacity is down to 50% between hour 14 − 16.

• The electrical load increases by 80% between hour 12 − 13.

• TS cannot discharge between hours 5 − 6.

• ES is disabled between hours 12 − 14.

After simulating all the disruptions, Table 4 summarizes the
optimal solutions of the design parameters when such disrup-
tions have been taken into account. And the optimal installation
cost 𝐶𝑖𝑛𝑠𝑡 is found to be $15, 990.4, based on the chosen design
parameters of each component in this case. Moreover, the op-
eration/maintenance cost and startup cost are solved to be at the
minimum value of their predefined ranges. This observation of
choosing the minimum is the same in the non-disruptive scenario.
However, the optimal heat recovery efficiency is designed to be
0.76, which is lower than the case without any disruption. This
may suggests that the additional installation cost of having more
efficient HRU unit is not negligible, comparing to the benefit
of having a better HRU during the online operation. Note that
allocated capacities of the CHP and the boiler are larger when
we take disruptive events into consideration. And this result
indicates that greater capacities of generators can improve the
system’s resilience by introducing redundancy to the system.

TABLE 4: OPTIMAL DESIGN SOLUTION UNDER DISRUPTIVE SCE-
NARIOS

Parameters Optimal Values Parameters Optimal Values

𝑃𝐶𝐻𝑃
max 5600 kW 𝑄𝐶𝐻𝑃

max 6000 kW
[𝐶𝐻𝑃 0.41 𝐶𝐶𝐻𝑃

𝑠 $10/h
𝐶𝐶𝐻𝑃
𝑂𝑀

$5/h 𝑅𝑢𝐶𝐻𝑃
max 1500 kW/h

𝑅𝑑𝐶𝐻𝑃
max 1440 kW/h 𝑄𝑏𝑜𝑖𝑙

max 5385.7 kW
[𝑏𝑜𝑖𝑙 0.8 𝐶𝑏𝑜𝑖𝑙

𝑠 $10/h
𝐶𝑏𝑜𝑖𝑙
𝑂𝑀

$5/h 𝑅𝑢𝑏𝑜𝑖𝑙max 1000 kW/h
𝑅𝑑𝑏𝑜𝑖𝑙max 1529.2 kW/h [𝐻𝑅𝑈 0.76
𝐶𝐻𝑅𝑈
𝑠 $10/h 𝐶𝐻𝑅𝑈

𝑂𝑀
$5/h

𝐸𝑇 𝑆
max 1200 kWh [𝑇 𝑆

𝑐 0.9
[𝑇 𝑆
𝑑

0.9 𝑄𝑐
max 500 kW

𝑄𝑑
max 500 𝐶𝑇 𝑆

𝑠 $10/h
𝐶𝑇 𝑆
𝑂𝑀

$5/h 𝐸𝐸𝑆
max 2013.3 kWh

[𝐸𝑆
𝑐 0.9 [𝐸𝑆

𝑑
0.9

𝑃𝑐
max 400 kW 𝑃𝑑

max 1000 kW
𝐶𝐸𝑆
𝑠 $10/h 𝐶𝐸𝑆

𝑂𝑀
$5/h

𝑃𝑃𝑉
max 933.3 kW 𝐶𝑃𝑉

𝑠 $10/h
𝐶𝑃𝑉
𝑂𝑀

$5/h
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FIGURE 6: ELECTRICAL AND THERMAL DEMAND, PRODUCTION, STORAGE STATUS IN MGS UNDER DISRUPTION SCENARIOS.
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FIGURE 7: CHARGING AND DISCHARGING STATUS OF ES AND TS UNDER DISRUPTION SCENARIOS.

FIGURE 8: ON-OFF STATUS OF THE COMPONENTS UNDER DISRUPTION SCENARIOS.

TABLE 5: COSTS DIFFERENCES UNDER DISRUPTIVE AND NON-DISRUPTIVE SCENARIOS

Components Disruptive 𝐶𝑖𝑛𝑠𝑡 Non-disruptive 𝐶𝑖𝑛𝑠𝑡 Increment Disruptive 𝐶𝑜𝑝𝑒𝑟 Non-disruptive 𝐶𝑜𝑝𝑒𝑟 Increment

CHP $2,447.8 $2,014.6 $433.2 $6,718.9 $6,195.3 $523.6
boiler $3,467.3 $3,375.1 $92.2 $4,754.3 $4,850.9 $-96.6
HRU $594.8 $666.7 $-71.9 $115 $120 $-5
TS $3,000 $3,000 $0 $55 $25 $30
ES $3,353.5 $3,248.6 $104.9 $105 $90 $15
PV $3,127 $3,000 $127 $50 $50 $0

Total $15,990.4 $15,305 $685.4 $11,798.2 $11,331.2 $467
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As for the dynamic operational results, Fig. 6 shows the
power and heat demand, the power and heat generation from
the CHP, boiler, PV, and the SOC of the TS and ES throughout
the simulation. All those results are derived from a CHP based
MG, which consists of components with parameters shown in
Table 4. The daily optimal operational cost 𝐶𝑜𝑝𝑒𝑟 is found to
be $11, 798.2 for a system operating under disruptions. Figure 7
shows the charging and discharging status of the ES and TS. Fig-
ure 8 denotes the on-off status of the six components in the MG.
Comparing to the on-off status of the components in the system
without disruptions, the restarting becomes more frequent for all
components except the boiler. And this difference is expected
since the load and generation conditions become more complex
with the presence of disruptions in the system. The generation and
storage units require more flexibility to adjust their performances
toward evolving operational conditions.

Although the online operations of each component change
after introducing external disruptions to the MG, applying the
design and operation control solutions derived from the opti-
mization model not only satisfy the heat and power demand, but
also minimizes the overall cost. The optimal total cost can be
minimized to $27, 788.6.

After obtaining the solutions for the MG under non-
disruptive and disruptive scenarios, the comparison between each
component’s operational and installation costs is shown in Ta-
ble 5. It indicates that the increment in 𝐶𝑖𝑛𝑠𝑡 after injecting
disruptions is mainly due to increasing 𝐶𝑖𝑛𝑠𝑡 of the CHP, boiler,
ES and PV. And the higher 𝐶𝑜𝑝𝑒𝑟 is mainly because of the CHP
unit in the case with disruptions. The total increment in𝐶𝑖𝑛𝑠𝑡 and
𝐶𝑜𝑝𝑒𝑟 are $685.4 and $467, respectively, which only take up a
small proportion of the original cost when no disruption occurs.
However, if the same disruptive scenarios happen when all the
components are designed according to Table 3, 7512kWh thermal
and power demand will be unsatisfied after optimization, which
can result in $300, 480 penalty cost. This amount of cost is above
ten times higher than the total cost when considering disruptive
scenarios, and therefore further proves the model’s effectiveness
in improving system’s reliability. Additionally, Table 5 shows
that the installation cost 𝐶𝑖𝑛𝑠𝑡 of the HRU, as well as the oper-
ational cost 𝐶𝑜𝑝𝑒𝑟 of the boiler and the HRU, even decrease in
the case with disruptions. One reason for the difference in the
cost of the system after considering disruptive events is that the
design parameters need to be adjusted for any potential outage.
For instance, the 𝐶𝑖𝑛𝑠𝑡 of the HRU decreases because the optimal
heat recovery efficiency of HRU decreases from 0.8 to 0.76 to
compensate for the additional heat provided by the TS, which is
more flexible for the MG under outages. Besides, 𝐶𝑜𝑝𝑒𝑟 of the
boiler becomes less because more heat is derived from the CHP
instead of the boiler when electrical load increases by 80% be-
tween time steps 12− 13. Therefore, the cost of fuels from using
the boiler decreases correspondingly. In conclusion, by adopting
the co-optimization model, costs for both the operation controls
and the design increase marginally after considering disruptive
scenarios, because each component can be adjusted dynamically.
As a result, the effectiveness of the developed co-design model is
validated.

4. CONCLUSION
In this study, a co-design model for CHP-based MGs was

presented. By formulating an MIP model, the system was opti-
mized during both the operational and design stages. The paper
mainly considers six components for the MG: the CHP, boiler,
HRU, TS, ES, and PV units. When these components’ charac-
teristic parameters are determined, the optimal operational costs
can be obtained by minimizing costs from from several folds:
the production, operation/maintenance, startup, and unsatisfied
load. Based on the power and heat demand, the optimal design
parameters for each component can also be solved, and further,
the optimal operational costs are calculated based on the com-
ponents’ optimal design. In this way, the proposed model can
effectively find the optimal solution of the co-design problem.
The case study results demonstrated that considering dis-

ruptions would not significantly increase the costs from both
operational and installation sides. The power and heat demands
could always be satisfied even when some components have out-
ages. However, ignore potential disruptions will result in a great
loss from unsatisfied demand. These observations showed that
the proposed co-design model could effectively attain the optimal
design and system operation solutions for CHP-based MGs, and
could cost-effectively improve the system’s reliability and greatly
reduced the losses caused by potential risks.
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