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Abstract

Developing an economic net-zero energy infrastructure for the manufacturing industry can play a critical role to achieve the goal
of affordable, reliable, and sustainable clean energy paradigm for the next generation. However, it is quite challenging to develop
such an infrastructure due to the uncertain demand of the manufacturing system, intermittent electricity generation from the
renewable sources, time of use (TOU) pricing of electricity, and integrated operational planning for the long-term planning horizon.
In this paper, a mixed-integer non-linear programming (MINLP) model is developed to economically design an onsite microgrid
system considering the critical conditions and achieve a net-zero energy operation planning for the manufacturing industry. A
linearization strategy is adopted to obtain the optimal design of the microgrid and the utilization of the resources. A numerical case
study is conducted to evaluate the effectiveness of the model.

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the Complex Adaptive Systems Conference, June 2021.
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1. Introduction

Due to the increase of global population and economic development, the demand for energy across the world is
constantly rising over the last few decades. Based on the projection of the Energy Information Administration (EIA),
the world energy consumption will grow by nearly 50% between 2018 and 2050 [1]. Along with the increasing energy
demand, there has been a growing global concern of energy-resource scarcity and climate change. However, fossil
fuels are still the main sources of energy and it is accounted for 84% of the world’s primary energy consumption in
2019 [2]. Burning fossil fuel generates carbon emission which is the major concern for global warming and climate
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change. To address the environmental concerns, rapid depletion of the fossil fuel sources, and the increasing cost of
energy, an accelerated global effort towards a reliable renewable energy system is adopted in recent years [3].

The result of the endeavor demonstrated the fastest growth of renewable power additions into different areas in last
few years [4]. However, sustainable integration of the renewable sources is quite challenging, and it has been widely
studied in different sectors such as the residential areas [5], commercial buildings [6] [7], critical sectors [8],
agriculture [9], etc. Still, it is less investigated for the manufacturing industry which is the largest energy consumer of
all the end-users in the United States, accounting for 32.6 quads, or one-third of the total energy demand [10].
Therefore, it is crucial to develop sustainable and clean energy infrastructure for this sector with enhanced reliability,
reduced emission profile, and lower cost of energy.

To build such an infrastructure for the manufacturing industry, the majority of the researches focused on the optimal
designing of the microgrid structure and efficient energy management of the renewable sources either in grid-
connected [11] [12] [13] or islanded [14] [15] mode. In an islanded mode, zero-carbon energy infrastructure can be
achieved. However, the structure is still under investigation due to the concern of reliability and economic feasibility.
Besides, in a grid-connected microgrid structure, the manufacturing industry has the flexibility to purchase the
shortage of energy when the demand is high compared to the generation from the onsite microgrid and sell the excess
energy to the grid. This configuration allows minimizing the fluctuation that occurred due to the intermittency of the
renewable sources. However, the existing configuration is incapable of eliminating the carbon emission from the
manufacturing industry completely nor establishing a carbon-neutral energy system.

Considering the large energy demand of the manufacturing industry, power quality and reliability of the system,
and current climate change, it is essential to develop an advanced energy infrastructure for the sector to slash the
greenhouse gas (GHG) emissions dramatically, neutralize environmental impact, and reduce the energy cost
significantly. The concept of net-zero energy infrastructure can play a crucial role to achieve the goal in the future. It
can be seen as one of the most popular and effective tools [16] [17] in the trend of achieving the zero-emission world.

The net-zero energy infrastructure does not mean that the generation from the renewable sources is equal to the
electricity demand of the manufacturing industry. Instead, it means that the total amount of energy consumed by the
industry on an annual basis is equal to or less than the amount of generated energy from the renewable sources (solar,
wind, etc.). Therefore, the manufacturing industry will get the opportunity to be connected to the conventional grid
and share the power for improving the quality and reliability of the energy system while achieving the net-zero energy
operation for the system.

To develop such an infrastructure economic and sustainable, several critical factors such as the amount and
variation of the energy demand in the manufacturing industry, availability and stochasticity of the renewable sources,
operational & maintenance cost for the components of the microgrid system (solar PV, wind turbine, and BESS), and
the integration of the design variables of the microgrid and operational planning of the system must be considered.
Besides, the time-based electricity prices and corresponding demand response should be integrated to achieve an
optimal design of the microgrid system in the long run. In this paper, an MINLP model is developed to identify the
economic design of the onsite microgrid system for achieving a net-zero energy infrastructure in the manufacturing
industry considering the critical conditions. As the planning horizon of the study is split into small interval of time (3
hours), therefore, the fine-grained variations of the energy demand and stochasticity of the renewable sources (solar
irradiance and wind speed) can be captured successfully in this model. A linearization strategy is adopted to effectively
solve the problem and determine the optimal value of the design variables to build the onsite microgrid system.

Rest of the paper is organized as follows. Section II introduces the proposed method. The linearization strategy is
described in Section I11. The case study is developed in Section IV. Section V discusses the results and critical findings.
Finally, Section VI concludes the paper with future directions.

Nomenclature
Parameters
m index of the month in a year
t index of the interval
At duration of the discretized interval
T total number of intervals in month m
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i

ICoy
ICur
ICarss
OMCp,
OMCyyy
OMCBESS
CCem
DC,,

TC

SBim
MCCrns
LT

CR
SOCmin
SOCmax
ChP,
DlSPeff
Effev

Ef fwr
PC

dai‘r

IRgyg

IRim

Vem

Vavg

MCChax
MTchar/dischar
RCpy

RCyr

LN

Decision Variables

p Vsize
WTnumber
BESSize

GPp,

SPim

ChPyp,

DisP,

AVE, and AV2,
CVim

discount rate

investment cost per unit capacity of solar PV ($/kW)
investment cost per unit capacity of wind turbine ($/kW)
investment cost per unit capacity of BESS ($/kW)

rate of yearly operation & maintenance cost for solar PV system ($/kW)
rate of yearly operation & maintenance cost for wind turbine system ($/kW)
rate of yearly operation & maintenance cost for BESS ($/kW)
electricity consumption charging rate ($/kWh) at interval t of month m
distribution charging rate ($/kW) in month m

transmission cost of the electricity for the year

sold back benefit rate ($/kW) at interval t of month m
maximum number of charging-discharging cycles of the BESS
lifetime of the microgrid

rate of capital recovery

minimum allowable charge of BESS (10% of total capacity)
maximum allowable charge of BESS (90% of total capacity)
charging efficiency of BESS

discharging efficiency of BESS

efficiency of solar system

efficiency of solar system

power coefficient of the wind turbine

density of air

average irradiance of solar energy (W/m?)

irradiance of solar energy (W/m?) at interval ¢ of month m
wind speed (m/s) at interval ¢ of month m

average wind speed (m/s)

maximum number of charging-discharging cycles of the BESS
minimum time required to fully charge or discharge the BESS
rated capacity of solar PV

rated capacity of wind turbine

Large number

Size of the solar PV (m?)

Number of Wind Turbine

Size of the battery energy storage system (kW)
power purchased from grid at interval t of month m
Power sold back to the grid at interval t of month m
Charging power at interval ¢ of month m
discharging power at interval t of month m
auxiliary binary variable

auxiliary continuous variable

2. Proposed Method

The goal of the formulation is to economically design an onsite microgrid system to meet the electricity demand
of the manufacturing industry while obtaining a net-zero carbon-energy infrastructure for the facility. Therefore, the
model objective is to minimize the total energy-related cost of the system consisted of the cost of grid energy,
investment cost for the renewable sources, and their operations and maintenance cost.

The model is formulated as follows:
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Minimize:

f(PVsize: WTnumber: BESSsize: GPtm'SPtm: ChPtm: DiSPtm) = YCE + YCPV + YCWT + YCBESS - BSE

YCp = Ymz12 Zf’znl GPppy X CCppy X At + Y12, DC,, X max GP., + TC X max (max GPyy,)
mef6,7,8, ¢

YCpy = (ICpy X CR + OMCpy) X RCpy
YCyr = ICuyr X RCyp X CR + RCyy X OMCyyr
YCpess = ICpess X BESSsize X (CR + OMCpgss)

Bsp = Y=12Y M SP, X SBpy X At
Subject to:

GPyyy, + PVP,y, + WTP,y, + DisPyy, = PDM,y, + SPy + ChPy

SOCumin < SOCym + ChPyy X ChPypp X At — DisPyy X DisPyss X At < SOCpax

ChP < BESSgize
tm =

MTcha‘r/dischar

. BESSg;
DisP,,, < ———size
MTchar/dischar

ym=12 ZTm (CRP g1 +DISP ) XAt < MCCmax
M=1 St=1\)xBESSi7eX(S0Cmax—S0Cmin)’ . LT

YCr +YCpy + YCyr + YCpgss — Bsg < TCqg
ChP,,, X DisPyy, = 0
GP,y, X SPey = 0

Ym12 3 GPpy X At =XM1 YM SP,, X At

)
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The variables introduced in the formulation are related to the designing of the onsite microgrid and controlling the
energy operation of the system. WTy,mper> PVsize, and BESSg;,. are the decision variables for determining the
capacity of wind turbine, solar PV, and BESS, respectively, while GP,,, SPyy, ChPypy, and DisPg,, are the decision
variables for controlling the energy management of the system optimally.

The objective function (1) determines total energy-related cost: electricity billing cost due to the purchase of
electricity from the grid, depreciation and operational & maintenance cost for the components (solar PV, wind turbine,
and BESS) of the microgrid, and finally, the income due to the selling of excess electricity back to the grid.

Since the optimization problem reflects system operation over one year, the equivalent annual cost of each
component has been obtained. The electricity billing cost in the objective function is calculated based on the three
different terms shown in Equation (2): electricity consumption cost, distribution tariffs, and transmission utility tariffs.
The electricity consumption cost is determined by the total energy consumed throughout the year and the rate of
electricity at each period of the year. The distribution tariff is computed based on the highest demand of the power in
the intervals during a billing cycle (i.e., month). The transmission utility tariff is determined based on the four-month
(June, July, August, and September) coincident peak demand.

Annual depreciation and operation & maintenance costs for the solar PV are calculated by Equation (3). The total

; N
cost will depend on the initial investment cost for the unit capacity, capital recovery (CR = (llxs; 1\;)—1)’ unit operational
. . . PVisizeXIRqpg XE
& maintenance cost, and rated capacity of solar PV. The rated capacity of the solar PV (RCp, = stzeX Zavg X ffPV)
1000

can be computed by the size of the solar PV determined by the mathematical model, average solar irradiance in that
particular area, and efficiency of the solar panel.

Similarly, the annual depreciation and operation & maintenance costs for the wind turbine and BESS are
determined by Equation (4) and Equation (5), respectively. The rated capacity of the wind turbine (RCyr =
%xdairxHszxvgngxPCfofWTxWTnumber

7300 ) depends on the number of wind turbines determined by the model, its radius,

average wind speed, density of the air, power coefficient, and efficiency of the wind turbine. The sold back benefit is
calculated by Equation (6) where the benefit depends on the amount of excess energy sold back to the grid at different
intervals of the year and the corresponding rate of the sold back price during that interval.

The model involves nine different types of constraints. The first constraint (Equation (7)) represents the energy
balance for the system which states that the rate of energy inflow is equal to the outflow. The power generated by the
X Aqir XTXRZXVEn XPCXEf fwrXWTnumber

solar PV (PVP, = %ﬁgmﬁpv) and wind turbine (RCyy = s

particular period depend on their corresponding size and available renewable sources at that particular period. The
second constraint (Equation (8)) bounds the state of charge of the BESS at any interval within the recommended limit.
The maximum allowable charging and discharging rate are controlled by the third and fourth constraints (Equation
(9) and Equation (10)). The fifth constraint (Equation (11)) restricts the total number of yearly charging /discharging
cycles within the bounded limits. The sixth constraint (Equation (12)) ensures the economic feasibility of installing
an onsite microgrid system. The seventh constraint (Equation (13)) will restrict the simultaneous charging and
discharging while the eighth constraint (Equation (14)) will limit the simultaneous selling and purchasing
opportunities. The final constraint (Equation (15)) will establish the net-zero energy framework for the system.

) at any

3. Linearization Strategy

The model formulated in the previous section is an MINLP problem. It has non-linearity in both objective function
(max operator) and constraints (Equation (13) and Equation (14)). In this model, the variables related to the designing
of the microgrid system are discrete while the control variables are continuous. It is quite challenging to solve such
an MINLP problem due to the existence of multiple local minima. Moreover, the commercially available MINLP
solvers are not able to find optimal solution for small-sized problem in reasonable computational time. Therefore,
considering the dimensionality and complexity of the problem, the linearization strategy is adopted in this section to
find an optimal solution at a reasonable computational time. The linearization strategy is described as follows.

The max operators used to calculate the electricity billing cost in the objective function are linearized by
introducing new variables and the following conditions.
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YCp = X230 GPpy X CCop X At + Y22 DCpy X Ay + TC X B (16)
Ap =GPy (17)
B > A,,, me{6,7,8,9} (18)

The product of the two continuous variables in Equation (13) is linearized by the following Equations.

BESSgize

ChPyy, < AV, X (MTcha'r/dischar (19)
ChPepn < (1 — AV, X (% (20)
CVin = AV2, X BESS,ize (21)
CVim < LN X AV, (22)
CVim < BESSgize — (1 — AV,) X LN (23)
CVim = 0 (24)
Similarly, the constraint in Equation (14) is linearized by-
GPiy < AVZ, X LN (25)
SPry < (1 —AVE) X LN (26)

4. Case Study

Considering the stochasticity of the energy demand, weather pattern, and dimensional complexity, the temporal
horizon selected for the case study is one year and the resolution is 3 hours. The power demand profile obtained from
a real auto manufacturing facility is utilized as the power demand requirement for the study shown in Fig. 1.
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Yearly power demand profile for the manufacturing

Power (kW)

terval ( A t=3hrs)

Fig. 1: Power demand profile of the manufacturing industry

Table 1. Electricity billing rate

Season Period Energy charge rate ($/kWh) Distribution charge rate Transmission charge rate Metering charge
peak 0.15
Summer 3.5
Off-peak 0.18
peak 0.13
Winter 3.5 2.23 63.07
Off-peak 0.18
peak 0.11
Spring 3.5

Off-peak 0.18

Table 2. Sold back price rate

Season Period Sold back rate ($/kWh)
peak 0.05

Summer
Off-peak 0.02

) peak 0.05

Winter
Off-peak 0.02
peak 0.05

Spring
Off-peak 0.02

Yearly solar irradiance and wind speed profile are shown in Fig. 2. (a) and Fig. 2. (b), respectively. The efficiency
for the solar PV is considered as 27% [18]. The parameters used to determine the wind turbine power generation are
shown in Table 3. The charging/discharging efficiency for the BESS is 90% [19]. The maximum and minimum
allowable state of charge for the BESS is set as 90% and 10%, respectively. The investment cost and operation &
maintenance cost for the unit capacity of the solar PV, wind turbine, and BESS are listed in Table 4.

Yearly solar irradiance profile Yearly wind speed profile

ArT—

Solar irradiance {W/m2)
Wind speed (m/s)

ED

Interval A t=3hrs) Interval ( & t=3hrs)

Fig. 2. (a) Yearly solar irradiance profile; (b) Yearly wind speed profile.



88 Md Monirul Islam et al. / Procedia Computer Science 185 (2021) 81-90

Table 3. Parameters used for wind turbine power generation'

Parameters Value
Density of air (d ;) 1.225 (kg/m3)
Power coefficient of the wind turbine (PC)) 0.593
Efficiency of the wind turbine (Ef fiyr)) 40%

1. Wind Turbine Power Calculations, The Royal Academy of Engineering.

Table 4. Investment and operation & maintenance cost for the hybrid onsite generation system with BESS

Components of the System  Investment cost ($/kW) Operation & maintenance cost ($/kW)
Solar PV' 2100 7.5

Wind Turbine? 2600 28

BESS?® 150 1% of investment

1. U.S. Photovoltaic prices and cost breakdown, 2015. 2. Wind Technologies Market Report, 2016 3. Battery Energy Storage Market, 2016
5. Result Analysis:

The proposed model is coded in Jupyter Notebook platform containing GUROBI solver running on an Intel(R)
Core (TM) i5 processor. The current model has a total of 23,056 mixed-integer decision variables and 43,210
constraints. The computational time required to solve the problem is 15,211 seconds. The design parameters and
corresponding economic benefit of establishing the onsite microgrid system for achieving the net-zero energy
infrastructure in the manufacturing industry are illustrated in Table 5.

Table 5. Design parameters and corresponding economic benefit of establishing the onsite microgrid system

Design Variables Value

Area of Solar PV (PV,,) 13,282 m?
Number of Wind Turbine (W Ty ymper) 6

Size of the BESS (BESS;ize) 3,507 kW
Yearly electricity cost without the onsite microgrid ($) 3,336,699.17

Yearly electricity cost with the microgrid while obtaining net-zero infrastructure ($) 3,056,972.09
Profit (%) 8.38%

It can be mentioned from the analysis that the yearly electricity cost after installing the onsite microgrid system is
much lower than the electricity cost without the onsite microgrid system. About 8.8% of the total energy cost can be
reduced by optimally designing the onsite microgrid system and effectively controlling the energy management plan.

As the energy demand of a manufacturing industry is more uncertain compared to the average variation of the
renewable sources from year to year, the model is further investigated to identify the sensitivity of the energy demand
on design parameters of the onsite microgrid and economic benefit of establishing the system. The energy demand
variation is considered for the study is 5%. The design parameters and corresponding economic benefit of installing
the onsite microgrid system considering the energy demand variation are presented in the Table 6.
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Table 6. Design parameters and corresponding economic benefit of establishing onsite microgrid system considering the energy demand variation

Scenario Low energy demand High energy demand
(5% reduced) (5% increased)

Area of Solar PV (PVy;,e) 17,629 m? 16,017

Number of Wind Turbine (WT,.ymper) 5 6

Size of the BESS (BESSs;ze) 3,102 kW 2811 kW

Yearly electricity cost without the onsite microgrid ($) 3,169,834 3,503,530

Yearly electricity cost with the microgrid while obtaining net-zero infrastructure ($) 2,907,384 3,187,310

Profit (%) 8.1% 9.02%

From the analysis, it can be seen that the design parameters of the onsite microgrid system (area of solar PV,
number of wind turbine, and capacity of BESS) are quite sensitive with the variation of the energy demand. Therefore,
it is required to determine the overall variation of the energy demand in the manufacturing industry and integrate the
variation into the model to identify the optimal design and energy management of the microgrid system. Besides, it
can be mentioned that the installation of the onsite microgrid for such a manufacturing industry is quite profitable
regardless of the small variation of the energy demand. Particularly, the industry with higher energy demand has more
opportunity to achieve a profitable and clean energy infrastructure though establishing such an microgrid architecture.

6. Conclusion and Future Works:

In this paper, an MINLP model is proposed to economically design an onsite microgrid system and optimally
control the energy operation planning for achieving a net-zero infrastructure in the manufacturing industry. The
proposed method will help to advance the decarbonization endeavor in the area of manufacturing industry. To avoid
the complexity of the model, the reliability of the microgrid components (solar PV system, Wind turbine, and BESS)
is not considered in this study. It is one of the major limitations of the study. Besides, the BESS degradation and power
quality are not considered in this model. Therefore, the future research will focus on the integration of the reliability
aspect of the microgrid components, power quality, and BESS degradation into the model to optimally design the
microgrid system. In addition, the energy management of the infrastructure will be extended at the machine level to
develop an optimal control strategy for effective load shifting and demand reduction according to the generation of
the onsite microgrid system.
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