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Abstract

To increase the energy utilization efficiency, it becomes fairly promising to convert the surplus electricity from renewable
generation to other forms of energy for multi-dimensional consumption. In this paper, we propose a hybrid energy scheduling
model for a multi-energy microgrid with the integration of the hydrogen energy storage system (HESS) and the heat storage
system (HSS). In our study, the operational uncertainties induced by renewables and loads (including electrical, hydrogen,
and heat demand) are comprehensively considered. We investigate such an operating regime that HESS stores the surplus
electricity in case of abundant renewable generation and generates electricity through hydrogen fuel cells otherwise. Further,
heat units including HESS, combined heat and power (CHP), and external heat suppliers are modeled in this paper. We split the
decision-makings of energy scheduling for both the day-ahead stage and real-time stage to tackle the power balancing issues.
To effectively solve the aforementioned optimization model, a flexible weighted Model Predictive Control (weighted-MPC)
strategy is proposed, in which the receding horizon can be suitably adjusted according to the forecasting accuracy of system
uncertainties. The effectiveness of the proposed hybrid model for microgrid energy scheduling is comprehensively verified
through extensive case studies.
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1. Introduction

With the increasing pressure from energy consumption and environmental issues, both the penetration level and
bulk injection of renewable energy have increased rapidly over the past decade [1]. As an emerging paradigm for
renewable energy utilization, the integrated multi-energy microgrid is capable of coordinating the multi-forms of
energy with respect to multi-dimensional supplies and demands [2]. However, relevant issues have come to light that
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the stable operation of the multi-energy microgrid can be jeopardized by the inherent variability of the renewable
energy outputs.

In practice, deploying an energy storage system is an effective solution to resolving the above-mentioned
uncertain power fluctuation issues. On the one hand, relying on the ability of storing/releasing electricity energy,
the energy storage systems can smooth the generation profile and facilitate secure operation states of the power
systems. On the other hand, energy storage systems can be efficient to reduce the abandonment rate of wind and
solar generation by converting and storing it into other forms of energy [3]. In general, for different energy storage
technologies, the relevant cost, energy density, power density, responding time, and rated power of multiple units can
be varied significantly. Therefore, it becomes highly interesting to investigate the economic benefit and mechanisms
behind determining the appropriate energy storage technologies in a specific distributed system.

The hydrogen energy storage system (HESS) is currently attracting much attention with its high energy storage
density and long lifetime [4]. According to the data reported by the Australian CSIRO, the HESS is more cost-
competitive than most existing energy storage technologies e.g. battery energy storage [5]. For example, in some
coastal areas, the impact of renewable energy fluctuations can be alleviated by deploying a seawater hydrogen
production system, through which cost-efficient clean energy cycling can be achieved.

The multi-energy microgrid not only can integrate and manage the uncertainties from renewable energy but
also can coordinate multiple forms of dispatchable energy in a holistic way, through which the system flexibility
and energy utilization efficiency can thereby be improved. Toward this end, it is of vital importance to employ an
effective energy scheduling strategy to globally manage such an integrated energy environment and instantly ensure
the security and reliability of system operation.

1.1. Related work

In the literature, there are generally three classes of methods for energy scheduling in the concerned topic of
this paper. The first class is the deterministic approach, where all the uncertainties are assumed to be fixed, and the
decisions are made based on the forecasted or expected values of the uncertain factors. The second class of methods
is non-deterministic approaches. In this class, uncertainties are represented by prediction intervals [6] or certain
probability distributions [7]. The third class of methods is generally termed as online optimization approaches,
which can adopt receding-horizon information within a shorter time scale (e.g. within 15 min—30 min) to achieve
real-time energy scheduling [8,9].

In the integrated multi-energy microgrid, the heat—electricity cogeneration is of great economic and environmental
benefits because of its high efficiency. In [10], the authors introduced the structure of a typical regional integrated
multi-energy system, a summary of methods and problems related to the steady-state analysis of multi-energy
systems is also provided. In [11], the authors proposed a general integrated multi-energy microgrid model
including both the dynamic and static characteristics. In [12], the authors established a multi-energy complementary
optimization scheduling model for an electricity—gas—heat system. The advantages of the power-to-gas operation in
promoting wind power consumption and improving the system economy are illustrated in this work. In [13], an
electric-heat hybrid model was studied, and the output characteristics and load side characteristics of renewable
energy were analyzed. In [14], the elasticity of the electric-gas integrated energy system was improved by using
the distributionally robust optimization model under extreme weather conditions. However, the integrated energy
system is a complex system with multi-spatial scale and multi-time scale characteristics, and the interaction between
systems is influenced by each other. How to optimize its operation reasonably is still one of the important problems.

Current multi-energy system researches rarely incorporate the HESS, whereas, in recent years, the HESS has been
considered as a promising energy storage technology. Compared with lead—acid batteries and lithium-ion batteries,
HESS is advantageous for its high energy storage density and long-life cycle, which make it especially suitable
for large-scale energy storage. For the operation of HESS, it is necessary to analyze the cost of the degradation
process. The degradation and remaining cycle life prediction are crucial for the hydrogen proton exchange membrane
fuel cells (HPEMFCs) operation [15]. If the fuel cells (FCs) operate as a long-term storage system, cycling loads
(low-power, high-power, transient-loading changes, and start/stop cycle) will be the main load demands, which will
accelerate the degradation of the FCs [16]. Also, both running the FCs at high current densities for long periods
and using the FCs to supply highly transient loads can negatively impact the performance of the FCs [17].

By surveying the state-of-the-art, it is found that a comprehensive model concerning multi-energy microgrid
scheduling integrated with HESS and HSS considering three types of loads is rarely investigated. This hereby
becomes the main focus of this paper.
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1.2. Contributions

This paper comprehensively investigates a model of energy scheduling for a multi-energy microgrid with the
integration of HESS and HSS. The main contributions of this paper are summarized as follows:

e A novel operation paradigm is proposed for microgrids embedded with HESS and HSS. The HESS with
HPEMFCs can produce and sell the surplus hydrogen to the hydrogen refueling stations (HRSs) and make profits
in case that the renewable energy is abundant, or convert the hydrogen back to electricity in case of deficiency of
renewable generation.

e A hybrid model of energy scheduling is proposed for the integrated multi-energy microgrid, through which
the day-ahead and real-time energy transactions can be optimally determined.

e The uncertainties induced by renewable energy generation, electrical load, hydrogen demand, and heat demand
are explicitly modeled. To mitigate the impact of the uncertainties, we propose a novel flexible weighted Model
Predictive Control (weighted-MPC) method, which can adjust the optimization time horizon adaptively according
to the prediction accuracy for the uncertain factors.

The rest of this paper is organized as follows:

Section 2 describes the model of each component in the proposed integrated multi-energy microgrid. Section 3
describes the formulation of the proposed energy scheduling model. Section 4 analyzes the simulation results.
Finally, we conclude our work in Section 5.

2. Preliminaries and model formulation

In this paper, a hybrid two-stage model for energy scheduling in HESS and HSS embedded multi-energy
microgrid is proposed, where the different patterns between the electricity prices in the day-ahead market and
the real-time market are properly considered. The fact is that the electricity purchased in the real-time market is
more expensive than the one in the day-ahead market, and the electricity sold in the real-time market is cheaper
than the one sold in the day-ahead market. Hence, the decision-making of energy transactions is concerned in the
day-ahead market in our study. A grid-connected integrated multi-energy microgrid with HESS and HSS typically
comprises five components including renewable generation units, system loads, the CHP units, the HESS, and the
HSS. The overall configuration is shown in Fig. 1.
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Fig. 1. The system model of grid-connected integrated multi-energy microgrid with HESS and HSS.

2.1. Renewable energy generation and system loads

In each time slot #, we denote the electrical load and renewable energy generation by P.; and Prepewable.s»
respectively. We define net electrical load as follows:

Pload,t = Pe,t - Prenewable,t (1)
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In this paper, we define s, s, and s3 denote the net electrical load, hydrogen demand, and heat demand scenarios,
respectively. The hydrogen demand at time slot ¢ is denoted as Dy, ;, and the heat demand at time slot ¢ is denoted
as h;.

2.2. CHP units

In this paper, the CHP units are considered as the dispatchable generation units in the system. The fuel cost
model for a CHP unit is shown in (2) and the start-up cost cg; , is shown in (3):

Ca.ir = ag,i +bg,i - Pgi: +ca,i - (PG,i,z) 2
* (3)

where yg ;. denotes the on/off status (1 = on, 0 = off); Pg;, denotes the output power of the ith CHP unit; ag ;,
bg.i, and cg; represent the cost coefficients; dg; denotes the start-up cost; [-]* denotes a non-negative value.
In an integrated multi-energy microgrid, the CHP units are subject to the following operational constraints:

su
& =dci (Ye.is — Ya.ii—1)

PE™ < Pgiy < PO “
Posrer = Pors = Riw Poss = Pagsot = RE" ®
YG.ir Z 1{."G.i.t>)’G,i,t—l}’ t+1<t<t+T" -1 ©)
Yoir < 1=l <vept 1<t <t+TM—1 )

where Pmm and P37 denote the minimum and maximum power output of the ith CHP unit; Rép and R“"’er are
the maximum upward and downward ramping rates of the ith CHP unit per time interval; 1;,, denotes the mdlcator
function. Constraint (4) is the power output limits for the CHP units. Constraint (5) restncts the ramping limits.
Constraints (6) and (7) are the minimum on/off time limits.

2.3. Hydrogen energy storage system operation model

2.3.1. HPEMFCs model
Hydrogen consumption of the HPEMFCs (ny, rc) depends on its power output (Prc) through the following
relationship:

Prc,
NH, FCt = ————— (8
25T prcLH Vi,
MH, FC,t = NH, FC,r * Mu, 9

where LH Vy, is the lower value of hydrogen; My, is the molar mass of hydrogen; nrc is the efficiency of the
HPEMFCs; my, rc, is the mass of hydrogen consumption of the HPEMFCs at time slot .

The degradation of the HPEMFCs will lead to a voltage drop. The start/stop cycle leads to the predominately
comparable increase of fuel cell degradation. In our work, the relationship between power and voltage degradation
is expressed by quadratic function through data fitting and expressed in (10):

21(Ppcy) = oy - PFZC,, + B1 - Prcr + 11 (10)

where o1, B and y; are coefficients of the HPEMFCs degradation function.
Based on the four operating conditions, the operational cost of HPEMFC:s is therefore formulated as Crc.. ¢c
and C;%,; are the start-up/shut-down cost of the HPEMFCs.

Crc,r = (NFC +b1) - yrer + c1 - $1(Prc,) 1D
hours
e, =di - (yrer — )’Fc,z—l)+ Lot =er (yreu—1 — YFC,z)+ (12)

where a1 and b; denote the fixed cost and the operation cost; yrc, denotes the operational status (1 = on, 0 =
off); Nhom denotes the service life; ¢; denotes the degradation cost coefficient; d; and e; denote the start-up and
shut-down cost coefficients, respectively.
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2.3.2. Electrolyzer (EL) model
Similar to the HPEMFCs model, the hydrogen molar flow of the electrolyzer (np, gr) can be expressed as a
function of the supplied electric power (Pgp):
neL PEL.¢

NH, EL; = THVe, (13)
2

MH, EL; = NH, EL, * Mu, (14)

where ng, is the electrolyzer efficiency.

However, the degradation of the electrolyzer increases the cell voltage. In our work, we define the relationship
between power and degradation of electrolyzer as the quadratic function which is similar to the HPEMFCs model.
Thus, the cost of EL (Cgr, cE‘Lt, C]SE(Lt) can be easily formulated and will not be repeated here.

2.3.3. Hydrogen tank model
We use the level of hydrogen (L O H) to represent the state of the hydrogen tank, which is shown in (15):
Ny,
LOH, =LOH,_| +
U,

(np —nc) 15)

where N is the gas constant; Ty, is the mean temperature inside the vessel; Uy, is the overall tank volume; np and
n¢ denote the mass of hydrogen production and consumption, respectively.
The operational cost of the whole hydrogen energy storage system is shown in (16):

Cugss: = Crc.: + CeLs (16)
The HESS should subject to the following constraints.
t—1 3
my, fC,n, + Dy 1 < Z [mHz,EL,t - mHz,FC,t] — Z Dy, 17)
=1 1=2
0<yeL:+yrc, <1 (18)
LOH™" < LOH, < LOH™ (19)
P < Pero < PR™ PRET < Pres < PR (20)
LOH, = LOHy 21

where Pli:“]j“, Pg™, Plénci“ and P8 are the minimum and maximum power of EL and FCs, respectively. Constraint
(17) limits the hydrogen consumption of HPEMFCs. Constraint (18) avoids the HPEMFCs and the EL working
at the same time. Constraint (21) ensures that the value of LOH are equal at the beginning and the end of the
scheduling horizon, which is beneficial to the circular scheduling of HESS.

2.4. Heat storage system model
In this paper, we combine the CHP system and hydrogen energy storage system with the heat storage system.
Its mathematical model is as follows:
HS = (1—n""HS,_ +5, (22)

where HS, denotes the heat storage power of the heat storage device at time ¢; " is the self-consumption rate
of the heat storage device; §; is the storage/release heat level at time .
For the whole heat storage system, the following constraints need to be met:

nG.i - Z PG + nuEss -+ (PeLs + Prc) + hexe = & + hy (23)
i=1

0 < hgx,; < hpg (24)

0 <8 <&™ (25)
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Fig. 2. The flowchart of solving process for the proposed model.

where 7g; is the heat recovery efficiency of the ith CHP unit; nygss is the heat recovery efficiency of the HESS;

hex ; is the heat level obtained externally; Ay is the maximum value of buying heat externally; §™** is the maximum
value of the §;.

2.5. Other constraints

Since the concerned integrated multi-energy microgrid in our study operates in a grid-connected mode, so we
can buy or sell the electricity based on the electricity price. Besides the above constraints, the following constraints
also should be considered.

DA DA, buy RT RT,buy max
0= Youy,t * Pgrid,t + Ybuy,t * Pgrid,t —= Lerid (26)
DA DA, sell RT RT,sell max
0= Vsell,r Pgrid,t + Ysell,r Pgrid,t = grid (27)
DA DA RT RT
ybuy,l + ysell,t = 1’ ybuy,t + ysell,t = 1 (28)

DA (DA | RT RT ;o ; . pDAbuy  pDAsell pRT
where Youy > Ysellt> Ybuy,> and yg , denote the status of buy or sell electricity, respectively; Poidr > Poridr » Pouy.eo

and PSEE!, denote the power purchased from the utility grid and the power sold to the power grid, respectively.
Constraint (28) prevents simultaneously buying and selling electricity.

3. Problem formulation

3.1. Two-stage scheduling model

The flowchart of solving process for the proposed model is shown in Fig. 2. In the first stage, the objective is
to make an optimal decision on the unit commitments of distributed generation units, electrolyzer, HPEMFCs, and
day-ahead energy transactions to minimize the operational cost. To better realize the circular scheduling of HESS,
we require the value of LOH are equal at the beginning and the end of the scheduling horizon. Therefore, in the
first stage, we also need to make decisions on LO HP”. Here we neglect the network power loss and the production
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cost of the renewable energy resources.

T
. _ DA DA, buy DA, sell su
A - min Cpa = E :()‘grid,t [Pgrid,t — Pyiar | T CGix
pPA. uy PDA,sell LOHDA o N
! grid,t " grid,r t  +YG,i,t»YFC,t-YEL, t=1
+Csu 4 o 4 Csd 4 csd
EL,t FC,t EL,t FC,t
+ E E E prob’' - prob* - prob®
51 §2 53 (29)

n
51,82,83 51,852,583 51,82,83 RT,buy RT,buy,sy,s2,53
T § :CG,i,t + Chessy + Anea - Mex ;™ + Agiar * Perids

SR

2
t=1 RT,sell RT,sell,sy,s2,53 RT,s1,52,53 DA
_)‘grid,t : Pgrid,t + )‘P -(LOH, - LOHt

s.t. (4)-(7), (17)—(21), (23)—(28)

n
51,852,583 51,852,583 DA, buy RT,buy $1,52,83 DA,sell,sy,s2,53 RT,sell,sy,s7,53
E : Poiir W+ Pec "+ Pyiay + Paidy” = Prloads + Pery "+ Pyig)y + Pyids (30)

i=1

where AD% . A;Tiét”,” Y, and Ay are the day-ahead and real-time price, respectively; Aneu is the price of buying heat
externally; A, denotes the penalty cost. Constraint (30) is the power balancing constraint of the whole integrated

multi-energy microgrid.

3.2. Flexible weighted-MPC model

In the second stage, we formulate the real-time operation problem in a weighted-MPC fashion [18]. In each
period time ¢, the system operator minimizes the weighted total cost with a discount rate .

t'+H-1

min Z w' Crr.r 31

RT,buy ,,RT,sell
{PG,i,t*PEL-I‘*PFC-I"hEXJ’Pgrid,t Porid s } t'=t

n
_ RT,buy ,RT,buy RT,sell  pRT,sell RT DA\2
CRT,t—E C.it + Cupss. + Meat - hEXt + Agids * Poidy . — *grids  Peridr +*p - (LOHS — LOHP?)
i=1

(32)

Here, considering the optimization time horizon H can directly affect the optimization performance of the
problem, we propose an adaptive algorithm to adjust H at the end of each rolling round. At the end of each flexible
weighted-MPC rolling round, the optimization time horizon H should be updated by (33),

H*=H—1 33)
4, w > 2
2, l<w <2

v =40, 06 <m <l (34)

-2, 03<w <06
-4, 0<w <03

where v denotes the change of the optimization time horizon H; @ is the prediction accuracy of uncertain factors,
which is the ratio of actual value to the difference value between the actual value and predicted value. This means
when the prediction accuracy of uncertain factors is high, the optimization time horizon H increases, and vice versa.
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3.3. Scenario reduction

In stochastic programming methods, the number of scenarios needed to accurately represent the uncertainties
involved is usually very large, so scenario reduction methods are often used due to the complexity of calculation
and time constraints. The goal is to select those scenarios that can approximate the potential probability distribution
well without losing important information. There are two types of scenario reduction methods, namely forward
selection and backward reduction [19]. However, compared with the forward selection, the backward reduction is
easier to ignore the small probability events in some extreme cases.

In this paper, we used a developed backward reduction algorithm based on [19]. The developed backward
reduction algorithm is presented in Fig. 3.

Start
¥

For each scenario s; compute the Kantorovich distance (KD)
with scenarios which associated with s; .

!

Find the minimum KD value between s; and s; by Kantorovich
distance matrix.

i
For each scenario s;, compute
min{KD(s,.s, )} P(s,)

’

Compare the values for all scenario pairs find the minimum
value and remove the scenario which is closeness to other
scenarios or has a small occurrence probability.

!

‘When one scenario is removed, construct the new KD matrix.
Add the probability of the removed scenario to the probability
of the closest scenario.

!

“Kantorovich distance” value has been met or the
number of scenario reduction is met?

|

End

Fig. 3. The flowchart of the developed backward reduction algorithm.

4. Case study

Numerical experiments are conducted in MATLAB with YALMIP [20] on the computing platform with Intel(R)
Core(TM) i7-7700 CPU.

4.1. Case configuration

Table 1 provides the parameters of the two CHP units. Table 2 provides the parameters of the HESS. In this paper,
we assume that the day-ahead and real-time electricity prices over 24 h can be accurately predicted, as presented
in Table 3. The prediction error in the day-ahead stage is very large, and can even reach more than 30%. In this
work, we use the Monte Carlo method for simulation scenario generation based on real renewables generation and
load data and assume the forecasting errors follow a normal distribution. Each uncertainty variable (net electricity
load, hydrogen demand, and heat demand) has fifty scenarios, which is shown in Fig. 4. Each uncertainty variable
has 10 scenarios by the backward scenario reduction method.

4.2. Performance evaluation

To illustrate the influence of FCs on the system operation, we solve the energy scheduling problem of the
integrated multi-energy microgrid model with FCs and without FCs, respectively. The operational results for the
integrated multi-energy microgrid with FCs and without FCs are illustrated in Figs. 5-8. Fig. 5 shows the transaction
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Table 1. Parameter settings for scheduling generators.
PMX (kW)  PMN (kW) ag; ($)  bgi ($KWh)  cgi ($) R (kW/min) R kW/min) T/ T°T (h)

Gl 100 20 0.57 0.12 0.056 40 30 1/1
G2 80 10 0.41 0.15 0.04 30 20 1/1

Table 2. Parameter settings for HESS.

a ($/kW) b ($/h) c(®) d (%) Nhours (h) n
EL 9.2845 0.00226 0.11 0.005648 30000 0.72
FC 33.885 0.00113 0.11 0.005648 30000 0.6

Table 3. Electricity spot price in one day.

Time period (h) [0, 6] U [22, 24] [7, 10] U [18,22] (11, 17]
hgria 0.2326 0.6860 0.4593
rgra 0.3024 0.8918 0.5971
PN 0.1628 0.4802 03215

Net Electrical Load (kW)

Time (h) Time (h) Time (h)

(a) (b) (©)

Fig. 4. Scenarios of net electrical load, hydrogen demand and heat demand over 24 h, (a) the net electrical load; (b) the hydrogen demand;
(c) the heat demand.
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Fig. 5. The power from power grid: (a) with FCs; (b) without FCs.

power with the power grid, which helps the multi-energy microgrid system maintain the power balance. The power
of EL/FCs is shown in Fig. 6. Fig. 7 presents the LOH of the HESS over 24 h. Because the grid electricity price is
cheaper in the early morning and the wind power output oversupplies demand, the HESS starts to convert electricity
to hydrogen as much as possible. When the grid electricity price and electrical load increase, the HESS begins to
return the stored hydrogen to the FCs and convert hydrogen to electricity at peak demand time which can be seen
in Fig. 6. The heat level obtained externally is shown in Fig. 8. The use of hydrogen fuel cells reduces the cost of
heat acquisition by reducing the amount of heat from the outside.

To compare the performance of the deterministic approach and the stochastic approach, we use the same set
of actual profiles including net electricity load, hydrogen demand, and heat demand to simulate the real-time
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Fig. 6. The hydrogen production from EL and consumption by FCs: (a) with FCs; (b) without FCs.

! Time(h) !

0 5 10 15 20 25 o 0 5 10 15 20 25
Time(h) Time(h)

(@) (b)

Fig. 7. The level of hydrogen in the hydrogen energy storage system: (a) with FCs; (b) without FCs.

1201 160
s 214
x 9 = 12
= %,
g g
3 60 Z 8
< £
30 4
2
% s 10 5 20 25 % 5 10 H 20 25
Time(h) Time(h)
(@ (b)

Fig. 8. The heat level obtained externally: (a) with FCs; (b) without FCs.

operation in the case study. Firstly, we run the deterministic approach and the stochastic approach to obtain day-
ahead solutions, respectively. We then fix the number of energy transactions in the day-ahead market, replace the
forecasts with the real net electrical load, hydrogen demand, and heat demand, and run the deterministic approach
again. To compare the performance of the integrated multi-energy microgrid energy scheduling, we perform both
the stochastic approach and deterministic approach for half a month. And the deterministic approach is based on
the predicted information. Fig. 9 shows the daily operational cost deviation between both the stochastic approach
and deterministic approach and perfect dispatch over half a month under. The stochastic approach outperforms the
deterministic approach in terms of the operational cost.

Fig. 10 presents the cost of the integrated multi-energy microgrid with FCs and without FCs over several days.
It can be observed that the use of FCs can effectively reduce costs because FCs can convert hydrogen to electricity
at peak demand time, especially at high tariff periods. It can be concluded that the hydrogen energy storage system
with FCs can convert hydrogen to electricity when renewable energy generation is insufficient and the integrated
multi-energy microgrid with FCs can make better use of the surplus renewable energy and increase the reward of
the system by realizing the electricity—hydrogen—electricity conversion.

5. Conclusion

Hydrogen energy storage system, which can realize the electricity—hydrogen—electricity conversion, has emerged
to become an alternative solution to handling system uncertainties and increasing energy utilization efficiency. In
this paper, a hybrid model for energy scheduling for HESS and HSS embedded microgrid is proposed to take
advantage of the local distributed energy resources and efficiently meet multi-dimensional demands through a
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Fig. 9. The daily operational cost of the integrated multi-energy microgrid over half a month.
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Fig. 10. The daily operational cost of the integrated multi-energy microgrid with FCs and without FCs.

complete hydrogen generation-consumption cycling. Distinguished from the existing framework, our model suggests
a high potential that the hydrogen can be transported to the HRSs or converted into electricity by hydrogen FCs.
Simulation results show that the hybrid two-stage model in this paper can reduce the impact of load uncertainty to
a certain extent and improve the economy of the system operation. As compared to the case without FCs, the one
with FCs provide better performance in scheduling the distributed resources.
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