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ABSTRACT The transition to a near-zero-emission power and energy industry for facing up to global
warming issues is dominated by the use of renewable energy resources such as bioenergy and solar energy.
When these resources are coordinated within an energy hub framework, the system’s flexibility is increased
and dispatchable energy is provided by enhancing the share of renewable-dominated power. This paper
proposes a dynamic scheduling framework for an energy hub with a biomass-solar hybrid renewable system.
A hybrid forecasting model based on convolutional neural networks (CNNs) and Gated recurrent units
(GRUs) is developed first to capture solar-related uncertainty sensibly, which will provide a great opportunity
for the learning-based controller to determine an effective operation strategy in an optimal manner, especially
on a cloudy-weather day. Then, a supervised federated neural architecture search (SFNAS) technique has
been presented to eliminate the need for manual engineering of deep neural network models and the
unnecessary computational burden associated with them. Finally, the deep deterministic policy gradient
(DDPQG), as an actor-critic deep reinforcement learning (DRL) methodology, enables the biomass-based
energy hub to achieve cost-effective dynamic control strategies by addressing the decision-making problem
as a highly dynamic continuous state-action model. The major conclusions of the numerical results show
the effectiveness of the proposed SFNAS-DDPG method from average operating cost reduction up to 7.31%
compared to the conventional DDPG model.

INDEX TERMS Actor-critic deep reinforcement learning, biomass energy, energy hub, federated learning
(FL), neural architecture search (NAS).

I. INTRODUCTION

A. BACKGROUND AND MOTIVATION

Over the past decade, renewable energy sources (RESs),
such as bioenergy and solar, have received unprecedented
attention and become more prevalent to meet the ambitious
goals of policymakers for reducing greenhouse gas emissions

The associate editor coordinating the review of this manuscript and
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by moving towards a more sustainable energy industry.
On the other hand, with the popularity of RESs continu-
ally increasing, their inherent volatility and intermittency
pose a challenge to the integration and utilization of a
high-penetration of RESs, and raise operational concerns
for energy system operators. In this regard, the importance
of coordinated control of interconnected energy infrastruc-
tures has been increasingly recognized for facilitating the
development of a low-carbon, economically feasible, and
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renewable-dominated energy supply. This direction has led
to the significant recognition of energy hub systems as
resilient, reliable, and economical means of redistributing
supply and demand among different energy sectors at the
local level [1]. Meanwhile, with biomass energy resources
being widely distributed and its potential to support multiple
forms of energy demands, such as electricity and thermal,
the integrated operation of other RESs and biomass can
offer a cost-effective alternative compared to utility grid
operations.

B. LITERATURE SURVEY

Several recent representative studies have been reported
on the optimization of energy hub systems from differ-
ent perspectives, including optimal design and expansion
planning [1], [2], optimal power dispatch [3], [4], energy
trading scheme planning [5], [6], voltage-frequency opti-
mization [7], etc. The literature on the integration of biomass
energy resources into the energy hub concept is somewhat
limited and scattered. Using climate-independent biomass
energy, an energy hub can balance the stochastic output
of weather-driven renewable RESs. In both [8] and [9],
the planning problem for a biomass-based energy facility
was studied and formulated as a two-stage mixed-integer
linear programming (MILP) model. While the authors in [§]
focused on the optimal planning of solar and biogas energy
for reducing the dependency of the energy hub system
on battery storage systems in remote regions, the model
proposed in [9] centered on the expansion planning of
integrated electric power and biogas delivery networks.
In terms of the scheduling and operation of biomass-based
multi-carrier energy systems, the existing literature studies
the use of biomass energy resources as a solution to the
increasing demand for diversified and affordable energy
services. In [10], a stochastic optimal operation strategy
for an integrated solar and biomass system is proposed
by considering the uncertainties in market prices and solar
irradiation. Reference [4] assesses an optimal operation
strategy for an energy hub with a biogas-solar-wind hybrid
renewable system. The approach in [4] is extended by
providing a distributed stochastic scheduling framework for
the coordinated operation of interconnected biogas-solar-
wind systems in [11]. Both [12] and [13] propose trading
schemes for the biomass-concentrated solar system. Stochas-
tic optimization and information gap decision theory (IGDT)
approaches are leveraged to address uncertain factors.

Even though some advances were made, the aforemen-
tioned works also had three limitations. Firstly, they need
to understand the dynamics of components. Developing a
dynamic model that can accurately simulate components’
behavior is challenging due to the multitude of factors that
influence it. Further, model-based approaches may differ in
premises or performance in relation to particular components,
so their generalizability may be limited. Secondly, algorithms
require explicit knowledge of how uncertainty is represented
(for example, RES production’s probability distributions).
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Finally, a third limitation is the lack of support for an online
control mechanism, particularly for large-scale solutions.
Specifically, these methods need to perform the optimization
by selecting the most optimal solution among a set of possible
ones, regardless of the problem size.

Alternatively, the disadvantages described above can be
overcome through the use of model-free learning-based
techniques. Recently, some research has been conducted
on applying reinforcement learning (RL) to the energy
management problem of multi-carrier energy systems, such
as Q-learning (QL) [14], QL-linear programming (LP) [15],
and fuzzy QL [16]. The combination of RL and deep neural
networks (DNN), as a powerful function approximator, has
led to the development of deep reinforcement learning (DRL).
Through multiple interpretations, DRL can leverage the
growing data collected from a variety of sources, revealing
optimum control policies and dealing with uncertainty related
to the data. Additionally, DRL is a model-free, self-adaptive
method that requires no explicit modeling of probability
distributions or constraints on uncertainties. The application
of deep Q network (DQN) concepts to energy systems’
control and scheduling has been developed for different
scenarios involving the optimization of state and action
spaces in high dimensions, e.g., energy storage system [17],
industrial Internet of Things (IIoT) [18], electric vehicles
(EV) [19], cyber uncertainties [20], and building energy
management [21]. Although DQN has been regarded as a
considerable improvement over conventional QL in approx-
imating Q-value functions, its performance is suboptimal if
the action spaces of the environment are continuous. DQN
offers considerable advantages over QL, but its performance
can be suboptimal regarding continuous action spaces. There
are, for example, only five and seven levels of discrete
control actions for lithium-ion batteries and EVs in [22]
and [23], respectively. The adoption of a continuous action
space is therefore of the utmost importance. This being
the case, the deep deterministic policy gradient (DDPG)
methodology was introduced and implemented on a few
decision-making tasks involved in scheduling and controlling
microgrids, including electricity market participation [24],
distribution networks [25], volt-var control (VVC), and
state of charge (SoC) control [26]. Through using both
actor and critic networks, it provides both the benefits of
value-based and Monte Carlo policy gradient approaches.
Comparatively to the Monte Carlo policy gradient, DDPG
uses fewer samples to learn action space selection, resulting
in lower computational demands. Furthermore, in contrast
to the value-based technique, stochastic policies can be
used to address RL problems that involve continuous
actions.

In the meantime, DNN algorithms have made promising
progress in several tasks, including prediction. However, their
performance is still heavily influenced by the parameters and
architecture of the neural network (the number of layers and
the number of nodes, as well as the connectivity between
layers). In most cases, it is challenging to evaluate how
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parameter settings influence the performance of the available
models, even when they have a thorough understanding
of both machine learning (ML) and deep learning (DL).
Furthermore, recent studies in the field emphasize the use of
higher-level models in order to obtain more accurate predic-
tions, increasing the number of parameters included in the
model. This has made exploring such large parameter spaces
a more challenging undertaking. Neither expert knowledge
nor empirical trial and error are always useful in this regard.
A neural architecture search (NAS) method finds the optimal
network architecture for a given situation by defining a
search space, a search strategy, and a performance estimation
strategy [27], [28]. NAS-developed network structures have
been shown to be superior to those constructed by hand in a
variety of fields.

Over the past few years, the field of NAS has become
an active area of research and experienced remarkable
success [27], [29], [30]. A Bayesian optimization-based
NAS has been used to optimize the structure of DNNs.
For example, a new kernel captures the relevant parameters
in [31] and a joint optimization of the architecture and
hyperparameters is performed using Bayesian optimization
in [32]. Recent proposals have attempted to turn NAS
problems into RL problems. The NAS problem is addressed
using Q-learning in [33] and [34]. To improve the search
procedure described in [33] and [35] uses a predictor. With
shared DNN parameters, [36] increases the speed of search
procedures. By developing a differentiable representation
of the NAS model, gradient-based NAS techniques seek
to optimize the parameters of the NAS. The performance
of other neural networks is predicted by a neural network
in [37] and [38]. An approach aimed at reducing training
time and memory consumption for NAS is described in [39].
A generalization problem in differentiable architecture search
(DARTS) models [40] is addressed in [41] by breaking the
problem into sub-problems. Recent years have seen sig-
nificant interest in evolutionary computation approaches to
optimize DNN parameters. DNNss are employed as genotypes
and phenotypes in a mutation-only Genetic Algorithm (GA)
in [42] and [43]. By evolving the cascades of convolutional
filters, a GA for classification is presented in [44]. It is
noteworthy that evolutionary-based NAS approaches result
in neural networks of superior performance, but moderate
in size, as shown in [27], [29] and [30]. Additionally,
privacy concerns are becoming more prevalent, which has
led to a growing interest in machine learning approaches
that preserve the privacy of users. As a machine learning
paradigm, federated learning (FL) deals with concerns about
data privacy, particularly when working with distributed and
heterogeneous information [45]. Thus, FL combined with
NAS is capable of effectively addressing privacy concerns
associated with NAS.

C. CONTRIBUTION AND PAPER STRUCTURE
Considering the limitations of previous studies and to fill
the research gaps outlined above, this paper is directed
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toward presenting a dynamic scheduling framework for a
biomass-based energy hub. An improved actor-critic DRL
algorithm, DDPG, and the supervised federated neural
architecture search (SFNAS) are incorporated and employed
to form a novel model-free and self-adaptable energy
management algorithm for a RES-based multi-carrier energy
supply infrastructure. For a diverse and dynamic RES-based
energy hub system, these characteristics can facilitate flexible
scheduling and coordinated decision-making. The proposed
SFNAS tries to investigate the merits and limitations of
various NAS methods for learning the architecture and
model parameters for a given task. An innovative method
is then presented for engaging multiple NAS approaches
and improving their individual performance by utilizing a
supervising agent to improve their training losses. As a result
of repeated interaction with the environment, the DDPG agent
is able to gain experience to provide optimal dynamic control
signals without the need to model constrained probability
distributions or uncertainty sets. Moreover, a forecasting
technique based on convolutional neural networks (CNNs)
and gated recurrent units (GRUs) has been incorporated into
the DDPG decision-making framework to achieve decent
scheduling results. The major contributions of this paper are
summarized as follows:

1) Focusing on the ever-increasing role of biomass
energy resources worldwide, the impact of several
underlying factors on the cost-benefit analysis of a
biomass-based energy hub is investigated using a fully
data-driven and model-free actor-critic DRL-based
decision-making framework taking into consideration
the physical characteristics and thermodynamic effect
of temperature-sensitive biogas production at the
operation stage. To our best knowledge, such method
is rarely investigated before.

2) Based on the FL settings, the proposed SFNAS
approach can be used directly to search for the
optimal architecture by leveraging training loss reshap-
ing by a supervisor. The test results show that
the proposed SFNAS approach achieves faster and
smoother convergence than the respective baseline
methods. In comparison with the baseline model, the
proposed SFNAS approach significantly improves both
forecasting RMSE and training time by 10.33% and
9.54%, respectively.

3) Ahybrid CNN-GRU solar irradiance forecasting model
that captures high levels of abstraction from sky
images and numerical measurements was developed
and optimized by SFNAS to help the DDPG agent
choose the most efficient control policy especially
when PV power is highly intermittent on cloudy days.

4) Compared with conventional energy hub schedul-
ing methods, such as stochastic programming (SP)
or robust optimization (RO), which require a per-
fect and detailed understanding of the operational
model and parameters of the system, the pro-
posed model-free data-driven energy management
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framework can overcome potential uncertainties and
determine the optimal control decisions by the learning
mechanism.

5) The DDPG is a model-free decision-making frame-
work that offers more realistic and cost-effective
decision-making strategies than existing conventional
decision-making methodologies like SP and RO, which
simplify the scheduling problem with linearized mod-
els and piecewise linear curve fitting methods. Ignoring
the practical limitations and nonlinear constraints
like biogas production thermodynamics, dynamic effi-
ciency of fuel cells, valve admission behavior of power
generation systems, and CHPs’ non-convex operation
regions makes the results less robust.

This paper proceeds as follows. Section II presents the
proposed SFNAS algorithm and the hybrid DL-based 2-D
CNN-GRU prediction approach. Section III describes the
highly nonlinear, realistic model of the system. Following
that, Section IV presents the DDPG-based dynamic schedul-
ing method for the biomass-based multi-carrier energy
system. Section V is dedicated to the case studies and
simulation results, and finally, conclusions are provided in
Section VI.

Il. SUPERVISED FEDERATED NEURAL ARCHITECTURE
SEARCH AND HYBRID 2-D CNN-GRU

FORECASTING MODEL

In this section, the mathematical representation of the
proposed SFNAS, which leverages a supervisor to enhance
the performance of multiple NAS agents, is presented. The
supervisor (meta-learner) and NAS agents (base learners)
are trained using a bi-level optimization strategy. Fig. 1
illustrates the schematic diagram of the proposed SFNAS
methodology.

A. NAS AGENTS AS BASE-LEARNERS

1) OBIJECTIVE

By learning the architecture, w,, and parameters, 6,, of the
model, each base learner i optimizes its own model using
momentum-regularized NAS technique. (wy,, 6,) is learned
by each base-learner n using a momentum-based gradient
descent algorithm as follows.

Vi = (1 — Ay + Ay Vidn(0n, wp)
On < 6, — vy,

Wy <= Wy — Uy (n

where og and «,, correspond to the learning rates for 6 and
w, respectively, and, v, represents the momentum from past
steps. When the hyperparameter )\, is set to a lower value
in the updates, longer gradient updates are maintained (this
can be demonstrated by expanding the recursive updates,
which are not shown here due to limited space). According
to the NAS algorithm used by each base-learner, the training
loss varies. Hence, for ease of explanation, the training
loss is denoted by J,(6,, w,). The following definition of
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L»-regularized mean squared error (MSE) will be used when
we assume identical training losses J,,(-, -) for all agents.

Tn(On, @p) 1= 11y = $ull* + La(6,) )

where ¥, represents the forecasted value, i.e., the outcome of
n-th base-learner’s model with architecture w,,.

2) MODEL

The weights ), that are proportional to r, are estimated
by training the meta-learner model with the input states (or
the embedding of the inputs). For this purpose, a N-head
classifier structure is employed, corresponding to \,, n €
{1,2,...,N}. Unlike a typical classification problem, r;,s
change epoch by epoch, so the target values vary.

3) SELECTION PROCEDURE
The proposed SFNAS methodology includes a model selec-
tion procedure that is as follows.

min [£1.N + 2.7 + £3.RMSE] 3)

where N, T, and RMSE are the number of trainable
parameters of deep learning model, training time, and the
RMSE value for agent A, respectively. A FL application
designer can determine the importance of the objectives by
adjusting ¢1, &2, and 3.

B. HYBRID DEEP 2-D CNN-GRU STRUCTURE
Meteorological and atmospheric variables greatly influence
solar irradiance in solar power generation forecasting.
A hybrid SENAS-based DL model for solar irradiance pre-
diction is presented to analyze a sequence of sky images and
meteorological components by employing CNN and GRU
structures, respectively. Several numerical meteorological
features are employed in the proposed hybrid forecasting
framework to enhance its capability to capture complex
solar abstractions, including global horizontal irradiance
(GHI), calendar features, temperature, relative humidity, and
atmospheric pressure. The mathematical details of the hybrid
deep CNN-GRU network can be expressed as follows [46],
[47], and [48]:

1) CNN NETWORK

Through the use of learnable kernels and inductive bias,
CNN convolutional layers provide better generalization
capabilities. The mathematical expression for convolutions
and pooling are as follows:

q'=f| 20 (@ @)+ by “)
nen,,
g =f"" (gh) )

A max-pooling down-sampling method followed by a
fully-connected layer is used in this paper to extract
informative features.

a=¢ Wz-1+b) (6)
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FIGURE 1. Schematic diagram of the proposed SFNAS methodology.

2) BLSTM NETWORK

Each LSTM block consists of three multiplicative units:
input, output, and forget. Data is written, read, and reset using
these gates. The following equations explain how LSTM
forward passes work mathematically [49]:

ﬁ/zcrogﬂxf+m¢ﬂm_l+b”j )
& =0 (w750 Wi h +57) ®)
g1 = tanh (W, + Wi iy + ) )
o, =0 (w;( "t +wp”hi—1 + b’u/) (10)
Cl=g0i,+C_,Of (11)
he = tanh (C')) © o] (12)

Gradient vanishing problems can be handled by LSTMs,
but future context cannot be taken into account. As a
result, BLSTM networks represent data in a much more
sophisticated manner than traditional LSTMs because they
utilize all the information of the temporal horizon. Following
are the outputs generated by BLSTM networks [50]:

h;/f = tanh (W; h//f Xt + h;/ilf) WZ//h//f + b;,l///f (13)

h;/f = tanh (W; h//f Xt + h;L lf) W/h///h//f + b;,://f (14)

=W, + bl (15)
where %/ is composed of integrating 4}’ and A/’

IIl. ENVIRONMENT MODEL AND PROBLEM
FORMULATION

The purpose of this section is to discuss the main structure of
the proposed biomass-based energy hub, taking into account
nonlinear characteristics of the facility components such as
biogas production thermodynamics, dynamic efficiency of
fuel cells, valve admission behavior of power generation
systems, and CHPs’ non-convex operation regions.
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FIGURE 2. Valve-point effects on the fuel cost of a power-only unit.

A. POWER-ONLY UNITS
Generally, power-only generation units are modeled by
convex quadratic cost functions. Due to valve admission
effects, these models do not take into account ripples in
production cost; therefore, they cannot provide a practical
solution for real-life applications. In this regard, the quadratic
cost function is modified to include an absolute sinusoidal
term to capture this phenomenon efficiently. Fig. 2 shows
the valve-point effects on the fuel cost of a power-only unit.
The total operation cost including valve-point effects can be
formulated as follows [51]:

Ci (Ezct) =o' (Ezct)z + O‘icz'EiC,t +o + Vii (Ezct) (16)

Vi (Ezct) = | sin (of (Eic,min - Ezct))| (a7

Eic,min'lft = Eic,t = EiL:max'Iz'L:t (18)
where af', %, ;?, \¢, and pf are the cost coefficients of the
i power-only unit. /¢ and VPE® indicate the commitment
status and valve-point effects, respectively.

B. THERMAL UNITS
The k™ thermal unit’s operating cost and limits at time ¢ is
defined by (19) and (20).

2
o (18) = (10)) +aP Tl + o (19)
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b b b b b
Tk,min’Ik,t = Tk,t = Tk,max‘Ik,t (20)
where af", afz, af”, and k" represent the cost coefficients
and commitment status of the k" heat-only unit.

C. CHP UNITS

Noteworthy is the fact that the electricity and thermal energy
produced in CHP units depend on each other, so they cannot
be independently adjusted. The cost function of j# CHP is
provided in (21). Convex combinations of extreme points
represent the power and heat production in CHP units by
(22)-(25) [52].

s b
°h N s
G =22 Tl @n
s=1d*=1
s /D
h s g8
Ejftp = Z Z r ;{txjd (22)
s=1 \d’=1
S b
T =2 2Ty (23)
s=1 \d*=1
b
D Th=V (24)
ds=1
0<rf <1 (25)

where D]S- denotes the total number of corner points for
the j CHP in sub-region s and the coefficient F]d; should

satisfy constraints (24) and (25); (xf,;p yfgp) represents the
electricity and thermal generations related to the corner point
d’; Vft is a binary variable indicating operation in the s
subregion.

D. BIOMASS-BASED BOILER UNITS

The m™ Biomass-based boiler’s operating cost is modeled
in (26). Based on the energy conservation rules, the thermal
energy produced by the biomass-based boiler is calculated
by (27)-(29), while it is restricted within acceptable limits by
constraint (30) [8].

chm (Tim) = Thn abr (26)

rom _ 9o, g””;.mVOLb’”

Thg
bm

X (1— (Tg%.rrb':)—l +Kbm) (27)
b = gbm Q" IVS abm (28)
T =@ .CVPghn (29)
Tomin s < Tt < T At (30)
where o2, @2, CVP™ and n?™ denote the cost coefficient,

mass of injected biomass feedstock, calorific value of
biomass feedstock, and efficiency of the m” biomass-based
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boiler, respectively; «”" is the stability and process rate

kinetic parameter; 7% is the thermophilic and mesophilic
digestion’s micro-organism growth rate; 9", cb”, TI%1
and VOLP™ represent biogas biochemical potential, influent
volatile solid concentration, hydraulic retention time and
digester’s volume, respectively. The nonlinear relationship
between biogas production and temperature is illustrated in
Fig. 3.

E. FUEL CELL UNIT
Fuel cells (FCs) contribute to the energy hub demand
by generating electricity, recovering heat, and producing
hydrogen. As part of the energy hub consumers’ energy
requirements, proton exchange membrane FCs are consid-
ered to supply some of their demand (since the by-product
heat can be captured and used by these FCs, they can also
be considered CHP systems). Hydrogen can be produced
from the difference between the maximum capacity and the
electrical output when the thermal load is low. The energy
hub produces electricity by converting hydrogen from FCs
into electricity and storing it in hydrogen reservoirs. Note
that, the hydrogen reservoirs are used as a backup fuel for
the hydrogen engine. The main fuel is hydrogen produced by
reforming natural gas.

In the I"" FC unit, the amount of recovered thermal power,

T{’ bt, can be determined as follows:

(S ¢ fc.e fe,h
I, = TER];,t' (El,t +E;; ) €2
Jfe,T fe,e fe,h
E; =E+E], (32)
fc fc c,e c,h fc fc
Ep inliy S Epf +E S Ep el (33)

where Efc’h, Efe¢ and TER® are equivalent electric power
for hydrogen production, electrical output power, and the
thermal to electrical power ratio, respectively. The amount
of stored hydrogen and charged/discharged hydrogen can be
formulated as follows:

o1l = 21| (nITth .Tz;"j,) - (Tz?ff /ﬂfﬁfh) (34)

721" = By BT (35)
T2 = By oy (36)
T21f, < T21), <T2Tf (37)
T2 L < T2 <o (38)
T2l " < T2 < T (39)
Il]’"IZT,ch +I[Z2T,dch < 1 (40)

where 2T, T2i/out " and T2T indicate the hydrogen (kg)
to electric power (kW) ratio, equivalent charged/discharged
hydrogen, and stored hydrogen. Most existing studies on FC
consider its efficiency to be constant, whereas it can vary
according to the amount of electricity produced. Based on
Fig. 4, the thermal to electrical power ratio and the efficiency
are functions of the part load ratio variable [53].
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FIGURE 3. Nonlinear relationship between biogas production and temperature.

Equation (41) gives the total operating cost of the FC unit.

fe,T _ng
E;
Jfc fe,e ‘c,h
C (Elt » €t ) Z(n)‘—c)
1t

Jfe.p pfeh Jfc,OM  pfe,T
+ (C[c 'Elft ) + (Clc 'El,Lt )

(41)

F. POWER BALANCE

During each time interval ¢, the amount of electrical and
thermal power produced and consumed should be equal,
as stated in (42) and (43).

S X g X ()

ieNc JENcHP leNEc
+EM 4 BV 4 ESY = E! (42)
b hy S
2T+ 20 T+ 20Ty
keNp JENchHP leNFc
+ D> T T =T+ T (43)
meNpy

where E87d Ebes and E! indicate the amount of power
exchange with the upstream network, the amount of power
charged/discharged, and the electrical demand, respectively.
T!, TP, and T*' represent the thermal demand, thermal
power charged/discharged, and the slack variable [54],
respectively. Detailed information on electrical and thermal
storage systems is available in [3].

G. OBJECTIVE FUNCTION

In the dynamic scheduling problem for biomass-based energy
hub, the objective is to minimize the system operating cost,
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as stated in (44).

oc=>»

teNT

DI ID IR FE D IR &

ieN¢ keNp meNpy

+ Y+ Y e

JENcHP leNFc

(44)

IV. DEEP DETERMINISTIC POLICY GRADIENT
ALGORITHM

This section discusses the main structure of the proposed
optimal control strategy using the actor-critic DRL algorithm.
Since DDPG provides continuous action spaces and does not
require discretization, which is computationally expensive,
it allows for more effective exploration of the action space.
Therefore, obtaining an optimum control decision requires
fewer iterations than other techniques regardless of the
type of problem encountered. And more importantly, the
multi-carrier energy system’s infrastructure is controlled
more smoothly than when they are regulated at a discrete
level.

DDPG assesses the cost-benefit of selecting a control
signal over a given period, a; € A;, while making decisions in
each state of the system using Q-value, Q (s;, a;). According
to the Bellman equation, the Q-value of any action, a;, at state
s; can be calculated based on the optimal action’s Q-value at
state s;+1 as follows.

O (s, ar) =R (51, ar) + yE [ max

a1 €A 41

O (St+1, az+1):|
(45)

where y € [0, 1] and R represent the discount factor and
reward function, respectively.

The energy hub operator, however, does not have any
information about either the most effective action at state
st+1 or what its value would be over time. The DDPG
method addresses this challenge by implementing two
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FIGURE 4. An illustration of the FC unit's dynamic performance curve.

separate DNNs. The most beneficial action at state s;4 is
estimated by the actor network, u (s; |0*), while the critic
network, QO (st, az |9Q), has the responsibility of estimating
the Q-value of action a; at state s;. The actor and critic
network weight vectors, 9* and 62, are continuously updated
based on the observed rewards at each time step during the
training process. Using the trained networks, the Q-value can
be derived as follows:

0 (st a) ~ R (51, ar) + YE[Q (51, 12 (511 0) [0) ]
(46)

Actor networks respond to sampled states of a system by
taking action. Then, the two networks can be simultaneously
trained according to the received reward. The s; and
maxQ(s,,a, |9Q) serve as the input and the output for
thae actor network, while the critic network takes (s;, a;),
where a; = u (s; 16"), and R, as the input and the output,
respectively. A replay buffer consisting of samples from
different time steps, (s;, ar, Ry, S¢+1), is employed to reduce
correlation-induced errors during updating the networks.
Copies of the original actor and critic networks, the target
networks, are taken and gradually updated to make the
training process more stable. Moreover, the actor network is
enhanced with a correlated stochastic noise signal to improve
exploration during the training process. The most commonly
used random noises are Ornstein-Uhlenbeck and Gaussian
noises. An Ornstein-Uhlenbeck noise can be used to simulate
time-related noise data. The Ornstein-Uhlenbeck process is
useful for solving physical control problems that are inertia-
driven. Through this perturbation, the DDPG agent is more
able to explore and achieve faster convergence as aresult. The
signal 2 is modeled by employing the Ornstein-Uhlenbeck
procedure, as stated in (47).

Qf — Ql—l + (Qmean . Ql—l) kT, + Qan\/i
(47)
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where Q, and 2., denote the variance of the noise model
and the mean value, respectively. k¥ and n € [0, 1] represent
the mean attraction constant and a uniformly generated
random number, respectively. The critic network is trained
using £ (OQ) as the loss function.

£ (GQ) - lez [Q (Siv (s [6) )HQ) - y,-]2 (48)

where N is the size of the mini-batch, and ); represents the
measured value function as follows.

Yi=R (s, ar)+ 0 (St—Ha 7 (St+1 ‘Qll,) ‘QQ’)

Meanwhile, the actor network needs to be trained by (50).

Voul (9”) = % Z \Z10) (Sis M (si |9M) )QQ)VQ“M (Si |QM)
ieN

(49)

(50)

The final step in the process involves gradually updating the
target networks with the smoothing factor 7, as stated in (51)
and (52).
o" = (1 —1)6" + ro"
02 = (1 -1)09 + 762

(S
(52)
In the dynamic dispatch problem of the multi-carrier

energy system, the state and action vectors can be defined
by (53) and (54), respectively.

5 = {Ef’v, EP 7¢, 1, SoCP* SoC?  E!, T! } (53)

fe,h
It >

c,e
It >

Tbm

m,t?

b
Tk,t’

a = {E¢, B gt (s4)

3 (sy, ar, w;) governs the transition from state s; to state
s;+1. It’s not just the decision-making signal a; that
determines transitions, but also environmental uncertainty,
wy, that influences them. There are several exogenous factors,
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including energy consumption habits and solar irradiance,
that influence the alignment of probabilistic models within
this context. By learning the transition implicitly from
collected data samples, a DRL approach can overcome this
challenge without the need for statistical models.

A DDPG reward is calculated by the agent by adjusting the
parameters as follows:

R (51, a5) = —(OC; + C/"™) (55)

Training with DNN makes DRL-based techniques non-
constrained, ignoring the physical limitations of dynamic
scheduling. Therefore, the physical constraints cannot be
addressed systemically through this process. Nonetheless,
energy systems scheduling need to address security and
reliability concerns. For a variable 8 € [RMn RMaX] 5
penalty term is added to the reward function to address the
constraint violation problem,, as stated in (56) and (57).

CPenalty _ Z Si.Penaltyy, (56)
N; €Ny

|N _ Nmin| + IR — RmaX|)
(37)

Penaltyy = ln( 3 (Nmax — Nmin)
V. NUMERICAL STUDY

A. DATA AND CONFIGURATION

The biomass-based energy hub shown in Fig. 5 is used as
a case study to evaluate the effectiveness of the proposed
SFNAS-DDPG dynamic scheduling approach. The proposed
SFNAS-DDPG strategy involves scheduling and operating
a multi-source multi-product facility that participates in the
energy market as a coupled multi-carrier energy supply. The
energy loads and prices are adapted from [55] and [56],
respectively. Based on a test case presented in [57], the
economic data and operational constraints for the generation
plants are derived and scaled. The maximum capacities
of heat-only, PV, and power-only units are 2.695 MWth,
0.75 MW, and 1.25 MW, respectively. Moreover, the data
of the 0.6 MWth biomass-based boiler and the 1 MW
FC units are taken from [12] and [53], respectively. Other
data corresponding to the available units are listed in
Tables 1 and 2. Both the sky images and numerical time
series data are obtained from the Solar Radiation Research
Laboratory (SRRL) dataset of the National Renewable
Energy Laboratory (NREL), located in Colorado [58]. Based
on the FL settings, the SFNAS approach is used directly to
search for the optimal architecture of the forecasting network
using supervisory training loss reshaping. As a representation
network, the output of the CNN-GRU model is concatenated
with the states of the energy hub before being fed into an actor
network. For the critic and actor networks, learning rates of
0.001 and 0.0001 are selected, respectively. The mini-batch
of random experience and the discount factor have been
selected as 0.95 and 64, respectively. The parameters of the
noise model are taken from [26]. Algorithm 1 demonstrates
the training process of making control decisions using the
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TABLE 1. The characteristics of FC unit.

Characteristics Value Characteristics Value
Ejix (MW) 10 || n2" 0.95
¢ ($/MWh) 40 Cfor ($/MWh) 10

T2T . (MWh) 2.0
Cfe:0M (§/MWh) 10

T2 (MW/h) 0.5

max

720 (MW/h) 0.5

max

TABLE 2. The characteristics of energy storage units.

Characteristics ~ Value Characteristics ~ Value
Ebes 08 || T* 4
nbes 0.9 bt 0.6
Ebex,c‘/z 0.4 Tbt ,ch 1
Ebes,d(rh 0.4 Tbt ,dch 1

proposed SENAS-DDPG methodology. The training process
of the proposed technique is performed by Keras library and
TensorFlow as the backend on a workstation with an NVIDIA
GeForce GTX 1070 GPU and 32 GB of RAM.

B. COMPARATIVE RESULTS AND ANALYSIS

In this subsection, the SFNAS algorithm is employed to
identify the most accurate architectures for the solar irradi-
ance forecasting task. The CNN and LSTM/BLSTM/GRU
networks’ hyperparameters significantly affect the model’s
performance in a complicated manner. However, trying to
model the complex interactions between the hyperparameters
or manually examining a large number of possible archi-
tectures is challenging and time-consuming. To overcome
these limitations, the SFNAS algorithm is proposed and
implemented to efficiently select the networks’ architectures.
Algorithm 2 shows the procedure of the proposed SFNAS
methodology. The goal is to find optimized models that
are capable of better solar irradiance forecasting given the
baseline structure of the model discussed in the Section II. For
this purpose, we seek to optimize the following parameters of
the representation network, shown in Fig. 5:

o Number of convolutional CNN
network (N©)
o Number of hidden units in the first LSTM/BLSTM/GRU
layer (N B 1)
o Number of hidden units in the second LSTM/BLSTM/
GRU layer (N5?%)
o Number of hidden units in the third LSTM/BLSTM/
GRU layer (N53)
Based on our previous work [5], we find that NB! and
NBZ with fewer than 100 hidden units are likely to exhibit
underfitting, while overfitting occurs when the number is
greater than 400. To reduce the number of genotype repre-
sentations from the range 100 to 400, we divide the range
by 25 before exploring the two LSTM/BLSTM/GRU layers.

layers in the
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FIGURE 6. The evolution of weight (\;) for the gradient term in the momentum update.
In order to translate genotype to phenotype, a multiplier, From the viewpoint of the EA-based NAS, a genotype
25, is assigned to the genotype. According to our previous then takes the form of a sequence of integers based on the
knowledge, bounds are also set for the other parameters. Our values indicated in Table 3 and phenotypes are the resulting
experiments were conducted using the parameters listed in structures. In the proposed stacking model, hierarchical
Table 3 as the lower and upper bounds. features can be derived from the feature representation of
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FIGURE 7. The evolution of training and validation losses of the proposed CNN-LSTM/BLSTM/GRU models (a) baseline NAS-based LSTM,
(b) SFNAS-based LSTM, (c) baseline NAS-based BLSTM, (d) SFNAS-based BLSTM, (e) baseline NAS-based GRU, and (f) SFNAS-based GRU.

the previous layer and the next layer serves as a layer of
abstraction. This hierarchical feature abstraction cannot be
achieved when the next layer (i.e., N Bz) is greater than the
previous layer (i.e., NB!) and results in overfitting. As a
result, to ensure that the N52 is equal to or smaller than
NB! when converting genotypes to phenotypes, a correction
mechanism is applied on N52 (similar correction mechanism
is also considered for (N53)) as follows:

NBi NBi < NBi-1

NBi > NBi—l (58)
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The population is initialized by randomly selecting N¥ —
1 individuals. The so-called super-fit mechanism is employed
to initialize the remaining population based on the parameters
of the structure proposed in [5] to begin the evolutionary
process with a sufficiently effective individual. An indi-
vidual’s fitness is determined by evaluating the created
phenotype for the given genotype based on the root means
square error (RMSE), mean absolute error (MAE), and mean
absolute percentage error (MAPE) [5] Both crossover and
mutation are used to achieve a reasonable balance between
exploration and exploitation. A probability of P¢ = P" =
0.5 is applied to each operator independently. Based on
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Algorithm 1 Offline Training Process of the DDPG
Agent

Initialize: Initialize the weights of the actor and critic

networks randomly:

w(s|0*): gH =6Ho

0 (s,al0?): 09=0%

Initialize €2 as a random process allowing exploration
of actions and set up the experience replay buffer M.

for i € NePisodes do

Observe s; as the state space.

Concatenate the output of the CNN-GRU network
with the state space s;.

fort e Ntime intervals do

Choose the dynamic scheduling action
ar = (¢ 10") + €.

Solve (44) by taking energy hub control
decision a; and receive R; as the immediate
reward.

Transfer to ;41 as the new state.

Store the transition (s;, a;, Ry, s;41) into M.

k<«—k+1,;

if batch_size < |M| then

Randomly select §
= {(sj, aj, Rj, sj+1)};f] as a mini-batch
from M.

Minimize the loss function (48) to update
the critic network.:

09 «— n9VyoL (69) + 62

Use (50) and sampled policy gradient to
update the actor network:

Ot «— n*Vou L (OH) + 60#

Use (51) and (52) to Update the target
networks:

62 « 62

or < "

L end if

end for

end for

the one-point crossover methodology, individuals are firstly
ranked according to their fitness, and then the 2n”* and
2n+ 1)”’ ones are selected for crossover (n € |0, NTP —1)).
The population is then uniformly mutated, consisting of
individuals generated by crossover and offspring who were
not subjected to crossover. Mutation can occur between each
architecture parameter (gene) and a value uniformly chosen
from its range according to a probability P8”. As a result of
this approach, we can conduct searches relatively faster while
minimizing disruptive mutations in individuals. The fitness
of the parents for each offspring is checked when creating
the population of the next generation. Then, to monotonically
decrease the population’s mean fitness, offspring with better
fitness than one of the parents replaces the worst parent.
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Algorithm 2 SFNAS Algorithm

for epoch € {number of epochs} do

for agent € {number of agents} do
Forming the best architecture Z* via agent’s

NAS

Compute training loss architecture Z*:
Ji6i i) = lly = 3ull® + L2(6)

end for

Compute relative contribution of agent:

ri := Ji(6i, i)/ 2. Ji(6;, i)

Train the classififl:r using the relative contribution,

rj, to estimate the weights \;

end for
Select the based agent based on:
an [01RMSE + wT + w3N]

TABLE 3. Hyperparameter bounds for SFNAS algorithm.

Lower  Upper
Parameter
bound  bound
CNN network (N€) 1 4
First LSTM/BLSTM/GRU layer (N51) 4 16
Second LSTM/BLSTM/GRU layer (N52) 4 16
Third LSTM/BLSTM/GRU layer (N53) 4 12

Table 4 shows the training time and test RMSE for
the best architecture found by each method. According to
the results, the proposed SF-NAS technique outperforms the
baseline NAS approach in all architectures. Fig 6 illustrates
the evolution of the weights (\) for the gradient term in
the momentum update of the solar irradiance forecasting
task. As can be seen from the evolution-based figures, the
supervisor of the SFNAS provided the agents with guidance
that ultimately led to a better optimization process.

Moreover, the evolution of training and validation losses
of the proposed CNN-LSTM/BLSTM/GRU networks is
depicted in Fig. 7 for both baseline and SFNAS strategies.
It can be seen from this figure that networks built with SFNAS
exhibit smaller spikes and smoother convergence than those
based on baseline NAS.

Table 5 illustrates the average daily operational cost
of the biomass-based energy hub using DDPG + state-of-
the-art forecasting [6], DDPG + baseline NAS [59], and
the proposed SFNAS-DDPG models. As can be seen from
this table, the proposed framework, SFNAS-DDPG, has the
lowest average daily operating cost when compared with
other models. The SENAS-DDPG method has $5,020 per day
average operating costs, which shows a 7.31% improvement
over the baseline model (DDPG + State-of-the-art). This
improvement is due to the fact that the operator has access
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TABLE 4. Forecasting task results for the best architectures found by SFNAS and baseline NAS.

Network’s structure Test RMSE Average offline training time
Baseline NAS [59]  Proposed SFNAS  Baseline NAS [59]  Proposed SFNAS
CNN-LSTM 66.23 63.37 4h 52min 4h 19min
CNN-BLSTM 62.88 57.28 5h 47min 5h 11min
CNN-GRU 62.35 56.51 4h 43min 4h 16min
TABLE 5. The average daily operating cost for the proposed multi-carrier energy system.
Scheduling Method Optimization Type Averags Cost Average Computing Time Prot Change
(8/day) (%)
RO [60] model-based 7,187 1min 32s +32.7
SP [61] model-based 7,001 3min 08s +29.3
Stochastic/IGDT [3] model-based 6,516 4min 21s +20.3
DQN+2D-CNN-BLSTM [5] model-free 6,081 0.003s +12.3
DDPG + State-of-the-art model [6] model-free 5,416 0.008s 0%
DDPG + Baseline NAS [59] model-free 5,156 0.005s -4.8%
Proposed SFNAS-DDPG model-free 5,020 0.005s -7.3%
to more accurate information about the uncertain parameter REFERENCES

(PV generation in future hours), enabling the agent to take
more efficient actions.

VI. CONCLUSION
This study presents SFNAS-DDPG as an improved

actor-critic DRL framework for the optimal scheduling
and operation of a multi-source multi-product facility,
taking into account nonlinear characteristics of the facility
components such as biogas production thermodynamics,
dynamic efficiency of FCs, valve admission behavior
of power generation systems, and CHPs’ non-convex
operation regions. To help the DDPG agent choose the
most efficient control policy, especially when PV power
is highly intermittent on cloudy days, a hybrid CNN-GRU
forecasting model that captures high levels of abstraction
from sky images and numerical measurements is developed
and employed. The novel SFNAS technique is proposed
to learn the architecture and model parameters of the
representation network. By utilizing supervisor-led training
loss reshaping, the proposed SFNAS approach can be used
directly to determine the optimal architecture based on
the federated settings. As a result of our case studies, the
proposed strategy, by selecting different network structures,
is more accurate than the respective baseline forecasting
methods. Consequently, The SFNAS-DDPG method has
$4,590 per day average operating costs, which shows a
4.79% improvement over the baseline model (DRL+4-State-
of-the-art). While this study was geared toward exploring the
effects of the proposed SFNAS methodology on improving
actor-critic DRL framework’s control strategies, future work
could study the effectiveness of replacing the proposed
EA-based NAS with heterogeneous NAS methods.
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