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A proactive energy management strategy for a stand-alone hybrid renewable energy system is presented. The study was
motivated by the system built in Lambton College (Sarnia, Ontario, Canada) which includes photovoltaic arrays, wind
turbine, battery, electrolyzers, hydrogen storage tanks, and fuel cells. The control architecture consists of two levels of
hierarchy: (1) optimal predictive scheduling at the supervisory level and (2) local controllers for each of the system
units. A “day-ahead” approach is followed at the supervisory level and a bidirectional communication between the
supervisory, proactive control, and the low-level control layer is established. The proposed energy management strategy
accounts for external (i.e., weather and demand) and internal disturbances. The efficacy of the proposed strategy is
demonstrated through case studies. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 2546–2556, 2014
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Introduction

Renewable energy sources (RES) are a key factor toward
mitigating carbon emissions due to power generation. The
integration of RES into the power infrastructure, although
highly desirable from an environmental perspective, is char-
acterized by significant technical challenges.1

A key attribute of RES, such as wind and solar resources,
is intermittency. RES are not dispatchable, they exhibit large
fluctuations, and are uncertain. As a result, only 5% of the
total electricity is currently generated from nonhydro RES in
the U.S.2 Strategies for coping with the intermittency of
RES for power production exist on both the supply side and
the demand side. Supply-side variability can be reduced by
combining different RES or through the use of energy stor-
age, whereas programmable loads (e.g., smart appliances)
can be used to reduce demand-side variability.3–7 A supply-
side strategy alone has traditionally necessitated the installa-
tion of excess RES capacity far above the average power
demand, resulting in higher operating costs. To avoid these
losses, there has been a growing interest in developing
weather forecasting models that would enable more efficient
utilization of the generation units.8,9 A properly designed
energy storage stabilizes the system by absorbing and inject-
ing instantaneous power.10–13 Significant efforts have been
invested on demand-side forecasting for building occupancy

and design, and power market prices. Such forecasts can
allow for the minimization of electricity costs, while main-
taining comfortable building conditions.14–17

The design of effective hybrid energy systems that involve
different RES (e.g., wind and solar) as well as storage devi-
ces (hydrogen, compressed air, pumped hydroelectric sys-
tems, batteries, and supercapacitors) depends on the location,
the operational mode (stand alone vs. grid connected), and
their size. Various heuristics,18–20 as well as simulation-
based optimization strategies have been applied to evaluate
system designs in different environments.21–25

An imperative for operation of any hybrid energy system
is the advanced monitorability and control of its assets and
operations. Optimization and control algorithms for hybrid
energy systems integrate management of the supply side,
energy storage and demand side to find the optimal (or near
optimal) unit commitment and dispatch of renewable energy
so that certain objectives are achieved. A commonly pursued
objective for a stand-alone mode of operation is to economi-
cally supply a local load, whereas under a grid-connected
mode the maximization of profit is typically sought.26,27

Additional objectives such as the minimization of green-
house gas emissions by applying heuristic and multiobjective
optimization techniques have been reported.28 Earlier studies

have reported power management strategies that are reactive

in nature—acting in response to power imbalances between

generation and demand.29–31 Recent research has sought to

incorporate predictions to deliver proactive unit commitment.

Significant cost savings have been demonstrated when load

predictions and weather/ambient condition forecasts are
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included.32,33 Similarly, grid-connected configurations have

been shown to benefit from proactive unit commitment that

includes electricity price predictions.34 The literature on

power management studies for different types of hybrid

energy systems using optimization is growing rapidly.35–39

However, only a few of these, either reactive or proactive,

algorithms have been implemented in real time due to the

high capital cost associated with renewable energy sys-

tems.40,41 Furthermore, the reported case studies are based

on simplified models of the different units, especially those

related to energy storage.
Our previous work42,43 was motivated by a hybrid energy

system built in Lambton College (Sarnia, Ontario, Canada)
which includes photovoltaic arrays, wind turbine, battery,
electrolyzers, hydrogen storage tanks, and fuel cells. It devel-
oped rigorous process models for each of the system units, a
MATLAB-based simulation platform, and a hierarchical con-
trol structure which consisted of two layers: supervisory and
low-level control. Although the supervisory controller
offered fast execution, it was reactive in nature as it
addressed only power imbalances between generation and
demand. Moreover, the strategy did not have the capability
of handling a large-scale hybrid system which may consist
of multiple units. In this study, we use the previously devel-
oped computational platform (the comprehensive dynamic
model and local controllers) and use a dynamic real-time
optimization (D-RTO) layer as the supervisory controller.
The aim of the new control strategy is to exploit the fore-
casted disturbance trends in an optimal way, address the sys-
tem’s modular design, and increase the units’ lifetime by
minimizing the number of startups and shutdowns. As part
of the control strategy, we establish a bidirectional communi-
cation between the D-RTO and low-level control layer to
account for internal as well as exogenous disturbances in the
system. Two case studies, demonstrating the effectiveness of
the proposed control structure, are presented.

The rest of this article is organized as follows. Sections and
present the structure and the control architecture of the hybrid
energy system studied. Section lays out the optimization for-
mulation used at the supervisory level. Section discusses the
optimization results, and applications of the control structure
to the system built in Lambton College. Section concludes this
article and presents future research directions.

Hybrid Energy System Structure

The hybrid energy system under study consists of two
RES, a local load bus and an energy storage system. The

energy storage system is battery and hydrogen based, which
increases the flexibility of the hybrid energy system but also
its operational complexity. The hybrid energy system struc-
ture is shown in Figure 1. The system includes a wind tur-
bine, photovoltaics, three electrolyzers, low- and high-
pressure hydrogen tanks, hydrogen compressor, two fuel
cells, and a battery subsystem. The generated power from
the RES can be used directly to meet the load demand, gen-
erate hydrogen (through the electrolyzers), or to charge the
battery.

Hydrogen generated by the electrolyzers is stored in the
low-pressure hydrogen tank, which then can be used either
to run the fuel cells or be compressed and sent to the high-
pressure tank. When power generated from the RES is not
sufficient to meet the load demand, the power deficit can be
corrected by either discharging the battery or activating fuel
cells which consume previously stored hydrogen in the low-
or high-pressure tank and convert it to electricity. The fuel
cell activation occurs only if there is a sufficient supply of
hydrogen in the storage tank. Fast, local controllers, which
are fully described in Ref. 42, were implemented to assure
that each unit operates at its setpoint determined by the
supervisory layer. The supervisory layer collects and proc-
esses information from the supply, storage and demand-side
units about their current and future predicted states and
determines the optimal scheduling to assure an uninterrupted
satisfaction of energy demand while satisfying the imposed
constraints.

Control Architecture

The control architecture is shown in Figure 2. An optimal
plan to operate the process units is calculated by the D-RTO
layer and sent to the low-level controllers for implementa-
tion. The optimal plan consists of the unit commitment
(binary controls) and the corresponding power setpoints
(continuous controls).

Updated unit states, statuses, and weather and demand
forecasts are communicated back to the D-RTO layer peri-
odically. Thus, the control architecture operates in a closed-
loop manner. Additionally, the D-RTO layer operates in a
moving horizon fashion, with the length of the time horizon
desired for the optimal plan remaining constant for each
optimization run.

The supervisory controller development was carried out in
GAMS while the local controllers and the dynamic model
were developed in MATLAB/Simulink. The connection
between the two layers was established using the MATLAB/

Figure 1. Hybrid energy system structure.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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GAMS interface.44 Interfacing GAMS with MATLAB
enabled the use of sophisticated solvers (such as CPLEX)
for problems with binary and continuous variables. To
reduce the optimization complexity, the supervisory control-
ler uses a time-discretized version of the process model that
is simplified to capture only the dynamics relevant in the
time scale of the optimization horizon (hours). However, the
local controllers for each process unit were simulated using
a detailed continuous time nonlinear model. The differing
time scales between the supervisory and low-level layer are
addressed by a fast dynamic storage system (i.e., battery)
which serves to buffer power. Although an approximate bat-
tery setpoint is determined by the supervisory layer, it is fur-
ther refined and adjusted on a smaller sampling interval (1 s)
according to the balance between generated and used power.
Specifically, the battery charging/discharging is calculated, at
the low-level layer, as the difference between power produc-
tion (i.e., wind, solar, and fuel cells) and power consumption
(i.e., electrolyzers, compressor, and power demand). This
allows for the rejection of internal disturbances, arising from
a malfunction of any of the system units, as well as model
mismatch between the supervisory and low-level control
layer. Similarly, the low-pressure tank setpoint determined
by the supervisory layer can be overwritten in the event that
the hydrogen level in the tank is not sufficient to meet the
demand. In that case, a remainder is taken from the high-
pressure hydrogen tank.

The proposed control strategy addresses the different time
scales associated with hybrid energy systems and supports
their proactive energy management. It accounts for external

and internal disturbances, while minimizing the system com-
munication and the computation time required for the
planning.

D-RTO Formulation

The D-RTO layer solves a dynamic optimization problem
from the current time t0 over a time horizon of length th.
The general problem formulation is

min
uðsÞ

ðt01th

t0
u zðsÞ; uðsÞ; vðsÞð Þds (1a)

subject to
dz

ds
5f zðsÞ; uðsÞ; vðsÞð Þ (1b)

05g zðsÞ; uðsÞ; vðsÞð Þ (1c)

0 � h zðsÞ; uðsÞ; vðsÞð Þ (1d)

zðt0Þ5z0; 8s 2 t0; t01th
� �

(1e)

where z(s) are the state variables, u(s) are the decision varia-
bles, and v(s) are the disturbances. The dynamic model of
the system is expressed in (1b,c) with operating constraints
in (1d), and initial states in (1e).

By discretizing the time horizon into time periods t
2 1; . . . ; Tf g with uniform duration Dt 5 th/T, the general
dynamic program (1) can be reformulated as

min
uðtÞ

Dt �
X

t

u zðtÞ; uðtÞ; vðtÞð Þ (2a)

subject to zðtÞ5Dt � f zðtÞ; uðtÞ; vðtÞð Þ1zðt21Þ (2b)

Figure 2. Control architecture.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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05g zðtÞ; uðtÞ; vðtÞð Þ (2c)

0 � h zðtÞ; uðtÞ; vðtÞð Þ (2d)

zð0Þ5z0; 8t 2 1; . . . ;Tf g (2e)

which is a linear or nonlinear program, depending on the
functional form of f, g, and h.

Dynamic model

For the specific hybrid energy system considered, the
dynamic model (2b,c) arises from mass and energy conserva-
tion equations. State variables are the storage levels for
hydrogen in tanks and energy in batteries. Decision variables
are the RES utilization (wind and solar), power and hydro-
gen usage/generation for each process unit, and the unit
commitments. Disturbances are the wind and solar availabil-
ity, and power demand. The dynamic model is linear with
respect to the state variables, decision variables, and distur-
bances. As the operating constraints are also linear and some
of the decision variables (i.e., unit commitments) are binary,
our D-RTO is a mixed integer linear program. The specific
objective function and constraints are discussed in the fol-
lowing subsections.

Subscripts and sets are used to distinguish process units
and tanks. A process unit j is in the set J, which includes
water electrolyzers Je � J, hydrogen fuel cells Jf � J, and
gas compressors Jc � J. A tank for hydrogen storage i is in
the set I, which includes low-pressure Il � I and high-
pressure Ih � I subsets.

Objective function

Multiple objective functions may be of interest for the D-
RTO of hybrid energy systems. We choose to maximize the
utilization of renewable resources (uwind

t and usolar
t ) and

amount of stored hydrogen (hstore
i;t ), and to minimize the

number of system unit startups (yj,t). Scalarization of these
objectives forms the single objective of the D-RTO

max
X
i;j;t

Cwuwind
t 1Csusolar

t 1Chhstore
i;t 2Cyyj;t

� �
(3)

where Cw, Cs, Ch, Cy are the corresponding weight factors.
The weight factors were chosen based on the electricity cost
equivalent to the power produced from renewable energy,
hydrogen cost, and depreciation cost of fuel cell associated
with each startup. The cost of electricity was assumed to be
10 ¢/kWh, the cost of hydrogen (99.9% purity) was provided
by the local distributor and estimated to be $33.7/m3, and
the startup cost for the fuel cell was approximated to be
$0.46/cycle based on the manufacturer’s data for the maxi-
mum number of on-off cycles for the fuel cell used in the
system.

Constraints

Power demand Dt is satisfied in each time period through
a balance of utilized wind uwind

t and solar usolar
t resources,

net power generation pj,t of process units (electrolyzers, fuel
cells, and compressors), and battery charging/dischanging
pbatt

t

uwind
t 1usolar

t 1
X

j

pj;t2pbatt
t 5Dt; 8t (4)

Utilized wind and solar resources cannot exceed the
amounts harvestable

uwind
t � Rwind

t ; 8t (5)

usolar
t � Rsolar

t ; 8t (6)

Each unit can be on for some fraction fj,t of each time
period. If unit j is on at any point during t, then the binary
variable aj,t is true

f min
j � aj;t � fj;t � aj;t; 8j; t (7)

0 � fj;t � 1; 8j; t (8)

aj;t 2 f0; 1g; 8j; t (9)

where f min
j is the minimum time that unit j can be operated.

It would be inefficient to run any electrolyzer while a fuel
cell is operational, and vice versa. This is enforced by

aj;t1aj0;t � 1; 8t; j 2 Je; j0 2 Jf (10)

The binary variable yj,t is true if unit j turns from off to
on during time period t. This is accomplished with the
constraints

yj;t � aj;t2aj;t21; 8j; t (11)

yj;t � aj;t; 8j; t (12)

aj;05a0
j ; 8j (13)

where a0
j is the initial state of each unit.

If a unit was operating in the previous time period and
operates in the next time period, two scenarios can occur for
the present time period. Either the unit is shut down briefly
(i.e., fj,t< 1, yj,t 5 1) or the unit operates for the whole time
period (i.e., fj,t 5 1, yj,t 5 0). This is enforced by

fj;t � aj;t211aj;t1aj;t11222yj;t; 8j; t (14)

Once turned on, the process unit quickly reaches the
power setpoint Spower

j and hydrogen setpoint Shydrogen
j . Note

that these setpoints are negative, positive, or zero for con-
sumers, generators, and uninvolved process units, respec-
tively. The amount of generated/consumed power and
hydrogen during the time period is then

pj;t5Spower
j � fj;t; 8j; t (15)

hj;t5Shydrogen
j � fj;t; 8j; t (16)

Hydrogen produced by the electrolyzers is sent to low-
pressure tanks. Low-pressure hydrogen can then be com-
pressed and sent to high-pressure tanks or sent to fuel cells.
Hydrogen in high-pressure tanks can also be sent to fuel
cells. These are captured by the following relations

hj;t5
X
i2Il

hgen
i;j;t ; 8j 2 Je; t (17)

hstore
i;t 5hstore

i;t211
X
j2Je

hgen
i;j;t 2

X
i02Ih;j2Jc

hcomp
i;i0;j;t 2

X
j2Jf

hcons
i;j;t ; 8i 2 Il; t

(18)

hj;t5
X

i2Il;i02Ih

hcomp
i;i0;j;t ; 8j 2 Jc; t (19)

hstore
i;t 5hstore

i;t211
X

i2Il;j2Jc

hcomp
i;i0;j;t 2

X
j2Jf

hcons
i;j;t ; 8i 2 Ih; t (20)

hj;t5
X

i

hcons
i;j;t ; 8j 2 Jf ; t (21)
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Power can be stored or discharged from the battery as
needed

bstore
t 5bstore

t21 1pbatt
t ; 8t (22)

Hydrogen storage and battery storage are bounded and
have specified initial conditions

Hmin
i � hstore

i;t � Hmax
i ; 8i; t (23)

Bmin � bstore
t � Bmax ; 8t (24)

hstore
i;0 5H0

i ; 8i (25)

bstore
0 5B0 (26)

Simulation Results

The hybrid system units and their corresponding power
ratings are summarized in Table 1. The details of the design
of the system can be found elsewhere.42 The presented simu-
lation results are based on average weather data (wind veloc-
ity and solar irradiance) for a 24-hour period in the month of
June in the Sarnia, Ontario region, and a typical load
demand of the hybrid system (see Figure 3).

The D-RTO calculates a “day-ahead” optimal plan using
an optimization horizon th of 24 h with 1-hour time periods
(Dt 5 1 h). Bidirectional communication between the D-RTO
and low-level controllers occurs every 1 h. At these times,
the low-level control layer sends the current and forecasted
demand (Dt) and the RES power profiles (Rwind

t and Rsolar
t ),

as well as the amount of stored hydrogen in tanks (H0
i ),

battery charge status (B0) and the unit status (a0
j ). The D-

RTO layer returns the unit commitment for the electrolyzers,
fuel cells and compressor (aj,t), the fraction of the time
period that units were on (fj,t), the unit power setpoints (pj,t),
the battery charge and discharge power (pbatt

t ), as well as the
output hydrogen flow rates from the low- and high-pressure
hydrogen tanks (hcons

i;j;t ). Note that the hierarchical scheme
introduced in this article relies on credible forecasts. Without
this assumption, the proactive actions cannot be guaranteed
to be effective and the system performance would degrade.
The CPU time for to solve each 1-hour simulation in MAT-
LAB was approximately 30 s, while the calculation of a
“day-ahead” optimal plan in GAMS was obtained in less
than 1 s.

Table 2 presents the proportional-integral-derivative (PID)
and model predictive control (MPC) tuning parameters for
the low-level controller applied on the wind turbine, fuel cell
and electrolyzer subsystems.42 In this table, kc, si, sd, are the
proportional, integral, and derivative constants, and Wy 5 15,
Wu 5 8 are the prediction and control horizon, respectively.

To illustrate the proactiveness and robustness of the con-
trol strategy, we present the optimal setpoint trajectories for
the selected units after the first, fifth, and tenth optimization
interval (Opt1,5,10) in Figure 4. The initial plan based on the
daily optimization (shown by the dashed lines) was altered
in the future optimization intervals as a result of the feed-
back from the low-level control layer. The updated states
were used as initial conditions for the calculation of the next
optimal trajectory, and the future weather and demand trends
were revised, which consequently altered the optimal plan
for the next 24 h. The Opt10 scenario (shown by the solid
lines) started with Electrolyzer 1 at its rated power. This
indicates that the unit was on in the previous interval (Opt9),
and its previous state was used as the initial condition in the
current (Opt10) optimization interval.

The realized power trajectories for each unit (after 24
optimization intervals) are shown in Figure 5. The figure
inset shows the time it takes for the electrolyzer to reach
the setpoint determined by the D-RTO level and depicts the
model dynamics as well as the control action at the

Table 1. Hybrid Energy System Design

Unit Name Rating Power (kW) Number of Units

Wind system 8 1
Solar system 2.2 1
Electrolyzer 1 2.3 1
Electrolyzer 2 1.1 2
Fuel cell 1.1 2
Compressor 2.3 1
Battery 2 1

Figure 3. Demand, wind velocity, and solar irradiance data for 24 h.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. Controller Tuning Parameters

Unit Controller Tuning Parameters

Wind turbine pitch Reference pitch PD controller: kc 5 35, sd 5 0.2
Pitch angle P controller: kc 5 500

Wind turbine power Rotor side current PI controller: kc 5 0.3, si 5 0.037
Grid side current PI controller: kc 5 1, si 5 0.01
Voltage PI controller: kc 5 0.02, si 5 0.4

Fuel cell Hydrogen flow PI controller: kc 5 1.2, si 5 0.01
Air humidity P controller: kc 5 1
Fuel cell power MPC controller: Wy 5 10, Wu 5 4

Electrolyzer Electrolyzer power MPC controller: Wy 5 15, Wu 5 8

Figure 4. Estimated power setpoint for each subsystem calculated by D-RTO at t 5 0 h (Opt1), t 5 4 h (Opt5), and
t 5 9 h (Opt10).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Realized power for hybrid energy system components.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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low-level control layer. Although the majority of the pre-
dicted unit commitments were realized, the length of the
intervals and the units were utilized differed. Due to the
high availability of the RES during this period, all the elec-
trolyzers and the compressor are utilized frequently, while
only one of the fuel cells is activated when the demand
exceeds the power generated from the RES.

Figure 6 shows the battery dynamics and its variation
from the setpoints determined by the D-RTO layer. As men-
tioned previously, the battery serves as a buffer at the low-
level control layer. The realized battery state of charge
(SOC) followed the overall trend determined by the D-RTO,
but it differs from it within the 1-hour optimization interval,
as the low-level layer adjusts the setpoint on a smaller sam-
pling interval (1 s).

The low- and high-pressure hydrogen tanks act as a short-
term and long-term hydrogen storage, respectively. The fill
percentage for each tank is presented in Figure 7. From the
depicted profiles, it can be seen that the low-pressure tank
served as the main supply of hydrogen for the fuel cells due
to the high RES availability during this period. Also, when it
approached its maximum capacity, its content was sent to the
compressor and subsequently to the high-pressure tank.
Hydrogen from the high-pressure tank was used when the
available RES was insufficient to meet the demand, and con-
sequently the fuel cell was activated. The output flow rates
(hcons

i;j;t ) from each tank were estimated by the D-RTO algo-
rithm. The high-pressure hydrogen tank was utilized only
when the low-pressure tank was not sufficient to meet hydro-
gen demand, as there was a cost associated with storing
hydrogen in the high-pressure tank (the compressor had to be
activated and power used). Note that the compressor and the
high-pressure tank in this system are purposely oversized, as
the strategic plan of Lambton College is to expand the hybrid
energy system and use generated hydrogen for other purposes
as well. Consequently, a large amount of power was needed
to run the compressor, which was the main reason for the
short time intervals that the compressor was activated.

The flow rates from the low-and high-pressure hydrogen
tanks could be overwritten at the low-level control layer in
the event that the pressure in the tank is not sufficient to
meet the fuel cells’ demand. The low-level flow controller
receives the D-RTO’s flow rate setpoints as well as the
updated tank content on a one-second basis. If the amount of
hydrogen in the tanks is sufficient to meet the fuel cells’
demand, the calculated flow rates are enforced. Otherwise,

the flow rate controller rejects the D-RTO decision and
determines the flow rates according to the tanks’ current sta-
tus. A priority is still given to the low-pressure tank, with
any remainder fulfilled with hydrogen from the high-pressure
tank. This change in the tank storage level is communicated
to the D-RTO layer in the next optimization interval.

Figure 8 depicts the realized power trends of all the sys-
tem units, and illustrates the overall performance of the
hybrid energy system. Each component except the battery
(which serves as a power buffer) is shown by the stacked
area. The power generators are stacked above and power
users below zero. The difference between the two should
equate to the battery’s power (shown by the solid line). The
graph shows that the RES were utilized efficiently through
either meeting the demand or storing hydrogen. The battery’s
dynamic also illustrates that it successfully provided the
power balance between the power generators and power
users in the system.

To further assess the effectiveness of the proposed control
strategy, simulations were performed for 1-year period using
again an hourly optimization interval. The load demand,
weather data, along with the demand satisfaction and RES
utilization are shown in Figure 9. As it can be seen, the
demand is satisfied at all times, whereas RES are not utilized
only at few instances during the summer. Figure 10 shows
the low- and high-pressure tank fill percentage. The yearly
trend is similar to that of 24 h one, the low-pressure tank is
utilized more frequently and serves as the main hydrogen
supply. It can be also seen that at the end of the summer,
after the period of continuously high irradiance levels, the
high-pressure tank was filled completely. During this period,
instances of underutilized RES occurred (Figure 9). How-
ever, during the fall and winter, hydrogen stored in the high-
pressure tank was effectively used to supplement the short-
age in RES. The end-of-year balance in the high-pressure
tank was higher by 10% in comparison to the beginning of
the year. Considering that year-to-year RES levels and
demand can vary, the simulation results show that the
design, as well as power management strategy, was suitable
for this system. The excess hydrogen could be also sold to
improve the economics of the system.

Figure 11 depicts the realized power for hybrid energy
system components. The most frequently utilized units were
the first electrolyzer (the largest one) and the first of the two
fuel cells. The other two electrolyzers were utilized more
during the summer when excess of solar energy is present.

Figure 6. Expected and realized battery SOC.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Low- and high-pressure hydrogen tank fill
percentage.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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One fuel cell was mainly sufficient to satisfy the demand,
whereas the second fuel cell was utilized in instances when
renewable energy was not available and the demand was
higher than the capacity of the first fuel cell. The compressor
was utilized frequently to compress hydrogen from the low-
pressure tank into the high-pressure tank.

Conclusions

The concept of a hybrid energy system, which corresponds
to the coordinated operation of load, renewable power gener-
ators, and energy storage systems, is quite appealing due to

its flexibility, controllability, and energy management capa-
bilities. To provide uninterrupted power supply, such a sys-
tem has to economically meet the demand on an
instantaneous basis. This article has proposed a proactive
hierarchical energy management strategy for the hybrid
energy system built in Lambton College, Sarnia, Canada.
Although the study was motivated by this particular system,
the proposed control strategy is applicable for optimal opera-
tion of buildings capable of accommodating multiple units in
standalone operation. The proposed strategy consists of long-
term resource scheduling by the D-RTO supervisory layer
and fast response to any unforeseen internal or external

Figure 9. Yearly data for demand, wind velocity, solar irradiance, demand satisfaction, wind and PV utilization.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Power balance of the hybrid energy system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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disturbance (demand or supply). The supervisor utilizes a
discrete time model formulation with 1-hour time periods,
but maintains good time resolution by allowing for process
unit activity for a fraction of a time period. The feedback
from the low-level to the D-RTO control layer allowed for
incorporation of changes in the system states as well as any
internal disturbances arising from a malfunction of system
units. At the low-level control layer, the fast energy storage
served to buffer power and respond to the fast dynamic
changes in the system. The performance of the control strat-
egy was demonstrated through a case study with hydrogen
and battery as storage systems. The D-RTO layer added a
proactive feature to the overall control architecture with a
high level of flexibility to integrate various operational,

economical, and safety objectives. Future work will involve
implementation of the control strategy presented here along
with the previously developed one (reactive in nature) in real
time, and will quantify the benefits of the proactive energy
management.
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Figure 11. Realized power for hybrid energy system components for 1 year.
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Notation

Sets, subsets, and indexes

i 2 I = tanks for hydrogen storage
Il � I = low-pressure tanks
Ih � I = high-pressure tanks

j 2 J = process units
Je � J = water electrolyzers
Jf � J = hydrogen fuel cells
Jc � J = gas compressors

t 2 f1; . . . ;Tg = time periods used for optimization.

Parameters

T = number of time periods for optimization
t0 = current time, s
th = length of time horizon, s
Dt = length of each time period for optimization, s
Cw = weight factor associated with maximizing wind utilization
Cs = weight factor associated with maximizing solar utilization
Ch = weight factor associated with maximizing stored hydrogen
Cy = weight factor associated with minimizing unit startups
Dt = power demand during t, W

Rwind
t = amount of harvestable wind power during t, W

Rsolar
t = amount of harvestable solar power during t, W
f min
j = minimum fraction of a time period that unit j can be operated

Spower
j = power setpoint for unit j, W

Shydrogen
j = hydrogen generation setpoint for unit j, mol per Dt

Hmin
i = minimum hydrogen storage amount for tank i, mol

Hmax
i = maximum hydrogen storage amount for tank i, mol
H0

i = initial amount of hydrogen storage in tank i, mol
Bmin = minimum battery storage level, W
Bmax = maximum battery storage level, W

B0 = initial battery storage level, W
a0

j = initial state (binary) of unit j

Decision variables

uwind
t = amount of harvested wind power during t, W

usolar
t = amount of harvested solar power during t, W
pj,t = net power generation of unit j during t, W

pbatt
t = battery charging during t, W

bstore
t = power stored in battery at the end of t, W

hstore
i;t = amount of hydrogen stored in tank i at the end of t, mol
hj,t = amount of hydrogen generated by unit j during t, mol

hgen
i;j;t = amount of hydrogen sent from electrolyzer j 2 Je to low-

pressure tank i 2 Il during t, mol
hcomp

i;i0 ;j;t = amount of hydrogen sent from low-pressure tank i 2 Il to high-
pressure tank i0 2 Ih using compressor j 2 Jc during t, mol

hcons
i;j;t = amount of hydrogen sent from tank i to fuel cell j 2 Jf during t,

mol
fj,t = fraction of time period t that unit j is on
aj,t = binary variable equal to 1 if unit j is on at any point during t
yj,t = binary variable equal to 1 if unit j starts up during t.
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