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Abstract: Efficiency prediction plays a crucial role in the ongoing development of electrochemi-
cal energy technology. Our industries heavily depend on a reliable energy supply for power and
electricity, and solid oxide fuel cell (SOFC) systems stand out as renewable devices with immense
potential. SOFCs, as one of the various types of fuel cells, are renowned for their capability of
combined heat and power generation. They can achieve an efficiency of up to 90% in operation.
Furthermore, due to the fact that water is the byproduct of their electricity generation process, they
are extremely environmentally friendly, contributing significantly to humanity’s sustainable devel-
opment. With the advancement of renewable energy technologies and the increasing emphasis on
sustainable development requirements, predicting and optimizing the efficiency of SOFC systems
is gaining importance. This study leverages data collected from an SOFC system and applies an
improved neural network structure, specifically the dendritic network (DN) architecture, to forecast
thermoelectric efficiency. The key advantage of this method lies in the adaptive neural network algo-
rithm based on the dendritic network structure without manually setting hidden nodes. Moreover,
the predicted model of thermoelectric efficiency is validated using 682 and 1099 h of operational
data from the SOFC system, and the results are compared against a conventional machine learning
method. After comparison, it is found that when the novel method with adaptive characteristics
proposed was used for SOFC system efficiency prediction, the MAE and RMSE values were both
lower than 0.014; the result is significantly better than from other traditional methods. Additionally,
this study demonstrated its effectiveness in predicting the thermoelectric efficiency of SOFC systems
through secondary experiments. This study offers guidance on enhancing SOFC systems thermo-
electric efficiency. Therefore, this study provides a foundation for the future industrialization of fuel
cell systems.

Keywords: solid oxide fuel cell system; thermoelectric efficiency; system efficiency; neural network

1. Introduction

Renewable energy systems have had vigorous development in China. Renewable
energy systems include other kinds of fuel cells such as solid oxide fuel cells (SOFCs) and
proton exchange membrane fuel cells (PEMFCs) [1]. SOFC systems have broad application
prospects because of their high thermoelectric efficiency (which includes heat efficiency
and electrical efficiency), no noise, no pollution, and sustainability in power generation in
vehicles and boats [2,3]. In addition, the global climate change has spurred a demand for
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alternative fossil fuels, aimed at overcoming the environmental impacts of greenhouse gas
emissions and limited resources [4]. Approaches such as waste heat recovery and green
power generation technologies are being adopted to reduce dependence on conventional
fossil fuels. SOFCs, serving as energy conversion devices, exhibit tremendous potential,
characterized by not only compact size but also environmental friendliness. Furthermore,
SOFCs can directly convert chemical energy into electricity, with water as a byproduct [5,6].
When integrated with cogeneration subsystems, SOFCs can enhance energy conversion ef-
ficiency, thus making a significant contribution to sustainable human development. Hence,
high-efficiency forecasting for the SOFC cogeneration system is of paramount importance
in ensuring stable operation and promoting sustainable environmental development (emis-
sion peak and carbon neutrality).

At present, the research on SOFC systems mostly focuses on the field of materials.
However, in order to popularize SOFC systems, power generation efficiency is unavoidable.
Especially in complex environments, a higher system efficiency results in a lower power
generation cost. Furthermore, with the installation of a carbon capture device after the
SOEFC system, carbon dioxide emissions decrease significantly, having a positive impact on
the environment and social development [7]. Therefore, some researchers have focused on
improving SOFC system generation efficiency, so as to decrease energy loss and carbon
dioxide emissions of SOFC systems [8].

In the field of system efficiency optimization, the main reliance is on mechanistic
equations to build SOFC system models. For instance, Huo proposed a dynamic tem-
perature model to control the SOFC stack temperature, simplifying it into a multi-input,
multi-output nonlinear dynamic model for control. The accuracy of the proposed model in
reflecting temperature dynamic characteristics is verified through simulation. Based on this
model, an input-output feedback linearization controller is proposed to achieve the control
goal [9]. Wu used a mechanism model for SOFC/PEMEFC hybrid systems to improve en-
ergy efficiency and dynamic response capabilities. The model constructed incorporates the
dominant mechanism of SOFCs’ slow transient response on short-term dynamic behavior,
and the results show that the proposed model has sufficient accuracy [10]. Although this
method is feasible, it requires a significant amount of time for mechanism modeling. It
is necessary to explore a new method to optimize SOFC system efficiency. Some schol-
ars have used neural networks to evaluate fuel cell system performances. For example,
Huo proposed a convolutional neural network method based on fuel cell I-V polarization
curve output prediction, which has good fitting characteristics [11]. Wilberforce adopted
a feedforward back propagation neural network to predict fuel cell voltage and current
for assessing PEMFC cell performance [12]. Chen proposed a grey-box neural network
model to predict fuel cell performance degradation and designed an experiment to verify
the approach’s effectiveness [13]. Xie proposed a modeling method to predict the reliability
of fuel cells based on long-term and short-term memory recurrent neural networks, and
the experiment proved its effectiveness [14]. From the literature above, neural networks
have a wide application prospect in fuel cell performance prediction.

An artificial neural network simulates some basic characteristics of the human brain.
It employs numerous simple units to simulate the structure and thinking processes of
the human brain. The appropriate neural network type should meet the requirements of
SOFC performance characteristics and accurate system efficiency prediction. For exam-
ple, to improve efficiency from the perspective of microscale transmission, Buchaniec et
al. used constrained artificial neural networks to predict and reconstruct SOFC models.
The results indicate that the model can accurately simulate the thermodynamic losses of
anode electrodes [15]. Suboti¢ designed a prediction framework based on an artificial
neural network that is used to predict the SOFC polarization curve and electrochemical
impedance spectroscopy [16]. Ba proposed a Hopfield neural network for identifying
the SOFC model, which significantly reduces the time required for model identification,
and the model fitting effect is excellent [17]. Gnatowski proposed a specialized calcula-
tion scheme based on artificial neural networks to accurately predict the overvoltage of
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SOFC anodes, thereby constructing a functional relationship between temperature and
current containing charge transfer coefficients, proving the effectiveness of artificial neural
networks in high-precision modeling of SOFC electrochemical reactions [18]. Yan built
a prediction model for SOFC stack cathode overpotential and degradation rate through
artificial neural network and multi-objective optimization theory. Compared to the grid
search method, Yan’s proposed approach is more robust and efficient in optimizing the
SOFC electrode microstructure [19]. We can see that the combination of neural networks
and other methods has distinct advantages in predicting SOFC performance.

With the progress of science and technology, some studies have found that biological
dendrites also participate in biological neural network calculations [20]. There are three
types of processing units in the network: input unit, output unit, and hidden unit. This
traditional neural network structure has higher requirements for selecting hidden units
and increases the computational burden for predicting results [21]. In order to effectively
address the issues stemming from hidden units, some scholars have found that dendritic
networks possess stronger adaptive abilities [22]. To confirm the benefits of this algo-
rithm in neural networks, Gang conducted numerous experiments using datasets to verify
its efficacy [23].

In addition to the structure of the neural network, optimization methods also affect
the prediction ability of neural networks. Among the existing neural network optimization
algorithms, adaptive moment estimation is widely adopted. However, they still have
disadvantages for the convergence of optimal solutions. liduka used learning rate to im-
prove the optimization efficiency of adaptive mean square gradient and adaptive moment
estimation in neural networks [24]. In addition, liduka also optimized the approximation
algorithm through Adam to realize the constrained nonconvex random finite sum and
online optimization in deep neural networks [25]. Xiao used adaptive moment estimation
to improve the quality of image generation in the computer vision field [26]. Based on the
above outstanding contributions, in order to better predict SOFC system thermoelectric
efficiency, this study proposes an improved adaptive neural network method based on
dendrite net and AMSG hybrid methods for an SOFC system, which is called the DAG
method [23,27]. The advantage of the DAG method is that it can balance the logical relation-
ships between variables in the state of insufficient historical data and obtain reliable data
through compensation. In addition, its adaptive characteristics also have great universality
for systems with multivariable coupling characteristics, which are the main reasons for
adopting this method. When the SOFC system dendrite network is trained, the AMSG
method is adopted to tune the weight matrix for increasing DN model prediction accuracy.
Then the DAG method is applied to the SOFC system. When the DAG model is used,
errors in the thermoelectric efficiency predictive model of the SOFC system can be avoided
due to insufficient hidden unit nodes. In addition, the evaluation indices based on mean
absolute error (MAE) and root mean squared error(RMSE) prove the effectiveness of DAG
method in predicting the thermoelectric efficiency of two SOFC system examples. The
main contributions of this study are as follows:

*  The number of neural network hidden units used to predict SOFC system efficiency
is adaptive.

*  This method is used to study the heat efficiency (HE) and electrical efficiency (EE)
of an SOFC system. Compared with dendrite net (DN), back propagation (BP), sup-
port vector machine (SVM), random forest (RF), genetic algorithm-radial basis func-
tion (GA-RBF), artificial neural network (ANN), radial basis function (RBF), genetic
algorithm-back propagation (GA-BP), and least squares-support vector machine (LS-
SVM), the prediction accuracy of the used method is better. In addition, the system
efficiency optimization direction is also determined.

¢ The SOFC system load tracking process is studied. Compared with BP, genetic
algorithm-least squares support vector regression (GA-LSSVR), support vector re-
gression (SVR), DN, long short-term memory (LSTM), stacked long-short term memory
(S-LSTM), sparse pseudo-input Gaussian process (SPGP), stack-artificial neural net-
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work (stk-ANN), and extreme learning machine (ELM), the DAG method has higher
prediction accuracy. Based on the results of the two experiments, it is found that
in terms of predicting thermoelectric efficiency, the comprehensive MAE and RMSE
values are both lower than 0.014, significantly better than other methods. In addi-
tion, through SOFC system samples analysis, optimizing the operating point will help
improve system thermoelectric efficiency.

2. Problem Formulation and Methodology
2.1. Problem of SOFC System Efficiency Prediction

SOFC systems have multiple operation points matching one system efficiency point.
The system efficiency is time-varying. In order to quickly find the operational point that
matches the system efficiency, this study conducts efficiency prediction for the SOFC system,
as depicted in Figure 1a [28]. Once the efficiency prediction is completed, the operational
points are matched over time to promptly adjust the system efficiency.

f
5

5 55
1(A) PralKw) 1(A)

Figure 1. SOFC system physical object and multi-objective mapping problem ((a) SOFC system
physical diagram; (b) Schematic diagram of multi-objective mapping).

From Figure 1b, the fuel utilization (FU) of the SOFC system is obviously different
when the SOFC system is under different bypass (BPs) valve opening, temperature, current,
and power conditions. Therefore, designing a thermoelectric efficiency prediction method
for the SOFC system is crucial for enhancing high-efficiency power generation. To stream-
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line the research, the efficiency prediction modeling in this study temporarily disregards
the impact introduced by BPs valve opening.

2.2. DAG Method
2.2.1. Traditional DN Method

The framework structure of the DN method is shown in Figure 2. From Figure 2, we
can know that there is a great difference between the DN network and traditional neural
network structure [27].

Figure 2. Architecture of the DN method.

The traditional DN method equation is composed of Equations (1)—(8) [29]. The DN
output T¥ value is shown in Equation (1).

Tk — Whk=17k=1°x 1)

where T¢~1 is the input of DN, ° represents the Hadamard product; X is the input value
after standardization; and W is the weight matrix for tuning neural network stability.
System output is shown in Equation (2),

y — whi-1 ( . ykk-1 (Wz,l (Wl,OXoX) °X.. ) °x.. ) ?)

where X and Y represent input and output of the SOFC system, respectively; k < [; W is
the weight matrix; and [ is the number of relative units. Matrix W is used for updating the
DN network iteration effect based on back propagation learning error (Figure 3).

From Figure 3, the DN method forward propagation can be obtained from Equation (3):

Tk —_ Wk,kflkalOX
{ 3)

Tl — Wl,l*l Tlfl

where k < I. Then, the DN error back propagation can be rewritten in Equations (4)—(6):

dT' =Y - Y 4)
dz! =dT!
{ dzk = dT*°x ©)

dTv 1 = (:rkrk—l)szk (©)
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Figure 3. Flow chart of back propagation rules for the error learning rate.

According to Equations (7) and (8), the weight matrix parameter W real-time value
can be found.

JWhA-1 _ g7k (Tk,k—l)T/m @

Wk,k*l _ Wk+l,k _ ‘xdwk,kfls (8)

where « represents the learning rate of this method, Y represents the data label of the SOFC
system, Y is the SOFC system predictive DN model output, and m represents the number
of set batches in the training process.

2.2.2. AMSG Algorithm

Yu proposed the AMSG method to improve prediction accuracy. This method performs
well in completing the optimal solution [30]. Therefore, this study also uses this method
to improve the DN model effect for the SOFC system. The AMSG method equation is
composed of Equations (9)—(12) [30].

The detailed calculation Equations (9) and (10) are as follows:

my = Bimp_1 + (1 — B1)8 )

Vi =BaVie1 + (1— B1)g? (10)

where 1 and 8, are the degradation rates, and these value are usually set to 0.9 and 0.999,
respectively. In addition, t is the iteration times, g; is the gradient value, m is used to
stabilize the gradient, and V is an adaptive gradient parameter. In addition, the tuning
parameter can be found using Equations (11) and (12),

Vi = max(V; — 1, V) (11)
61 = 00 — ((am) / e+ /%) 12)

where max refers to the maximum value, and ¢ is a constant: its value is usually small,
so as to maintain numerical stability. Moreover, « is the learning rate, upper mark A is a
predictive value, and 6; and 6;; are the weight matrix of iteration t and t + 1, respectively.
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2.2.3. DAG Method Operation Process

In order to obtained the high accuracy SOFC system predictive efficiency, this study
uses the AMSG method in Section 2.2 to obtain the weight matrix [27]. The DAG method
detailed steps are as follows [31]:

Step 1: Normalize the original dataset of SOFC system operation through Equa-
tion (13) [31].

Y = Ymin T+ ((]/max - ]/min) * (x - xmin)/(xmax - xmin)) (13)

where x and y are the input data and output data, respectively. Therefore, x;5x and x,,;;
are the maximum value and minimum value of input data; yu.x and y,,;, are also the
maximum value and the minimum value, respectively.

Step 2: Input the training data into the SOFC system with the DAG method based on
Equation (3), and the current neural network unit output is the next network unit input.

Step 3: The SOFC system thermoelectric efficiency model gradient is found from
Equations (4)-(7).

Step 4: Update the weight matrix W using Equations (9)-(12). Finally, the DAG model
is obtained through multiple iterative training. Then the DAG model predictive effect can
be evaluated using RMSE and MAE from Equations (14) and (15) [32].

n

RMSE? = n~ 1% Y (Y(i) = Y (i) (14)
i=1
MAE(x,h) =n~ 1% i h(x' —yh) (15)
i=1

where Y and Y represents the predicted output and the expected output of SOFC system
efficiency, respectively, and # is the number of data.

Step 5: Input test data into the SOFC system DAG model to get thermoelectric effi-
ciency output value. The key index RMSE and MAE are adopted to assess SOFC system
DAG model predictive ability.

Step 6: The DAG model output is used to analyze SOFC system efficiency to achieve
efficiency improvement.

The flow chart of DAG is shown in Figure 4:

r--——-— === == - VT T T T T DI T T I T T DI T I T I T I T T I T I T T
! ! ; The structure of DN model !
b | o |
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| i~ The DAG model is obtained based The gradient is obtained based on
.| The raw data set of the SOFC system is || | e ziGmatizisupdated, N8 I
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efficiency. | m ;
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Figure 4. DAG method flow chart.
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In addition, in order to further verify the reliability of this method, we need to use
a secondary experiment of the SOFC system to verify the method used. Please refer to
Section 3.2 for specific verification methods and results.

2.3. Thermoelectric Data Collection of the SOFC System

Discharge and heat supply are the main forms of SOFC system energy conversion [28].
Analyzing the impact of discharge and heating is helpful to find a reasonable operation
point, which can effectively reduce SOFC system energy loss and realize system efficiency
improvement [33].

Wu used the SOFC system to generate a dataset for predicting and analyzing discharge
and heating of the SOFC system [28]. In this dataset, the rated power of SOFC systems
is 1 kW, but the experimental time and duration are not equal. The materials, gas supply,
component composition, load, and air pressure of the SOFC system are the same. The
layout of the SOFC system’s BOP components, as well as detailed information about inputs,
outputs, and the working environment, are shown in Figure 5.

SOFC system design for
efficiency improvement

Input
11: Fuel flow rate
12: Air flow rate Output
I3: Load requirement Work temperature: 650~900°C O1: Electrical efficiency (EE)
14: Steam flow rate Stack type: Current type 02: Heat efficiency(HE)

Rated power: 1kW '

(Controller )

®

(Premixer )

de Gas|

Cathode gas|

Figure 5. SOFC system simulation detailed information chart.

In addition, in order to obtain the thermoelectric efficiency of the SOFC system, the
calculation method adopted in this study is as shown in Equations (16) and (17) [34]:

LHV % N

EE=( Ex S

Y7l I% Vs Niggp * 100% (16)

HE = Viyater * Cowater * ATwater (17)

where LHV is low heat value of fuel; N; represents fuel flow rate; t represent the time,
which has a conversion relationship between it and the flow rate that would depend on the
circumstances; I is the current of the SOFC stack; V is the voltage of the SOFC stack; N is
the number of cells in the SOFC stack; and & is a conversion factor to calculate electrical
efficiency for the SOFC system. In addition, Vi, is the exhaust water volume, C is specific
heat capacity, and AT is temperature change value. The water is used to deal with high
temperature exhaust gas for SOFC system external environment safety.
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Each SOFC system condition is represented by four input indices, as shown in Figure 5.
There are four features represented by I1 to 14, respectively. At the same time, we record
each SOFC system HE and EE. Some data of the SOFC system are shown in Figure 6
(Figure 6 is a high-definition version of the small image in the upper left corner of Figure 4),
and the system efficiency is shown in Figure 7. The relevant model setting parameters are
shown in the left half of Table 1. The right side shows the stack and time parameters used
in the two experiments (Time 1 is the experimental parameter of Figures 6 and 7).

Table 1. Key parameters.

Key Parameters

Number of inputs 4
Number of outputs 2
B1 0.9
2 0.999
Model parameters ﬁe 0.01
« 0.0001
] 0.278 L-(mol-min 1)
C 4.2 KJ/(kg-°C)
The number of cells 24
Effictive working area 169 cm?
Experimental parameters Actual size 225 cm?
Duration of operation (Time 1) 682 h
Duration of operation (Time 2) 1099 h

In Table 1, the effective working area represents the size of the fuel cell as 13 cm x 13 cm,

whereas the actual size includes the uncoated area on the edges, which is 15 cm x 15 cm.

Therefore, the effective working area is 169 cm?, and the actual size is 225 cm?.

1,050

840

630

Amplitude

420

210
|
0
Feed CHA
Burner CHA
e Stack Alr
' “Tir —— Burner Air
A Premix Air
B W Relormer input temperature
M S Relormer inter-temperature
Retormer ouput temperature
HET input temperature
| HET inter-temperature
Y HE] ougput temperature
/ HE2 input temperature
t HE2 inter-temperature
~ HE2 ougput temperature
- Aflerburner input temperature
Alfterburner inter-temperature
Alflerburner ouput temperature
Stack input temperature
inter-temperature
K uiput temperature
Voliage
Current
Power
0 10000 20,000 30,000 40,000 50000 60,000
Time /s

Figure 6. Original sample set of the SOFC system.
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Figure 7. SOFC system efficiency sample set.

3. Results and Discussion
3.1. SOFC System Thermoelectric Efficiency Predictive Modeling Result and Analysis

When the model is built, the training data have 614 h and the test data have 68 h.
In order to test the DAG model effectiveness proposed in this study, we also use other
common methods to compare predictive effect with ANN [19], BP neural network [35], GA-
RBF neural network [36], GA-BP [37], and LS-SVM [38]. Compared with the experimental
results of the DAG method in this study, the specific index effect is shown in Figure 8. The
evaluation index of HE and EE prediction models are RMSE and MAE.

From Figure 8, the DAG method key assessment index RMSE and MAE are near to
GA-BP neural network assessment index. Their MAE and RMSE indices are much lower
than 0.10, and the RMSE and MAE of DAG are less than DN, SVM, RF, and GA-RBE. In
addition, the RMSE of the DAG method is smaller than ANN, RBF, and LS-SVM. Although
GA-RBF, ANN, and LS-SVM are smaller than DAG in gthe MAE index, the RMSE index is
more wrong than the DAG method. Thus, the DAG method is better, and the experimental
results can be considered to be competitive.

1.2 1.1836

s RMISE —— MAE

08

@
206
- 0.524
0.4492
0.4109

04
0.2

0.0079 0.0313 0.0032 0.021 0.0235 0014

e O o
DAG DN BP SVM RF GA-REBF ANN REF GA-BP LS-SVM

Comparison of training set and generalization effect index mean

Figure 8. Comparison between the DAG method and other methods using RMSE and MAE.
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Heat Efficiency

40.00%

From Figures 8 and 9, the DAG method prediction accuracy is better than that of other
methods on SOFC system’s HE and EE, which preliminary proves that the DAG method
predictive effect is very significant. Specifically, from Figure 8, both MAE and RMSE values
of the DAG method are less than 0.01, which has significant advantages compared to other
methods. Other methods either have all values greater than 0.01 or only a single value less
than 0.01. From Figure 9, the predicted output tends to be consistent with the expected
output, indicating good predictive performance.

Results comparison based on DAG method
70.00%

HE Predictive output Expected output

50.00%

=== EE Predictive output == Expected output

50.00%

40.00%

30.00%

B
g
g

=

&l

=]
=
=

B
T
=
=

20.00%

10.00%%

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69

0.00%
Sample

Figure 9. Expected and predicted outputs of HE and EE (using the DAG method).

It should be noted here that the expected output actually represents the measured
value from the system experimental platform.

In order to analyze the SOFC system efficiency more effectively, this study mainly
analyzes system efficiency after entering the normal power generation stage (the sample
point interval is from 30 to 66). In the prediction data, the maximum values of HE and
EE at the 38th sample point are 46.56% and 35.15%, respectively. For heat efficiency, the
predicted value is greater than the expected value (46.26%). For electrical efficiency, the
predicted EE value is less than the expected value (37%), which indicates the direction of
SOFC system efficiency optimization in the future. The direction is to further improve
SOFC system electrical efficiency. The 37th predicted sample point HE and EE values are
28.29% and 24.32%, respectively. Their value is also higher than the expected HE value
(27.68%) and lower than the expected EE value (26.16%). The results show that when the
SOFC system has abnormal working conditions, the EE has potential to increase. Therefore,
when designing an SOFC system, the structural scheme can be adjusted according to the
above results, so as to reduce SOFC system energy loss and increase electrical efficiency.
For example, an afterburner with low power can be selected to reduce SOFC system
heat efficiency.

3.2. Second Verification of Proposed Method Effectiveness for the SOFC System

The equipment is located in the fuel cell research center of Huazhong University of
science and technology, and the system is a 1 kW SOFC system [39]. The system architecture
is shown in Figure 10, which is divided into a hotbox and a coldbox. Each BOP component
is equipped with temperature, pressure, and flow rate sensors to collect key parameter
information. The BOP component installation orientation of the SOFC system coldbox and
hotbox are shown in Figure 10. In addition, the electrical signal sensor is installed on both
sides of the load. In Figure 10, the sensors are represented by a circle and English letters: T
is temperature sensor, P is pressure sensor, and R is gas flow rate sensor. These data are
mainly from industrial computer stations. Time 2 is the second experimental parameter
in Table 1.
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Figure 10. SOFC system distribution and sensor installation position.

3.3. Thermoelectric Efficiency Analysis of the SOFC System
3.3.1. Efficiency Analysis

In Figure 10, when the SOFC system performs a load tracking task, its thermoelectric
efficiency is taken as the output, and the input is the same as that in Figure 5. These input
and output variables are used to train and test the DAG model. A total of 1099 datasets
are used this time. Among them, there are 1000 training sets and 99 test sets [37]. Then, a
new set of data are used to verify the DAG method availability by using eight methods.
This time, the data are still from the fuel cell research center of Huazhong University
of science and technology. The DAG method is compared with other methods such as
ELM [40], GA-LSSVR [41], SVR [42], S-LSTM [43], SPGP [44], and stk-ANN [45]. The com-
parison index parameters are MAE and RMSE. The different results comparison are shown
in Figure 11.

From Figure 11, stk-ANN and GA-LSSVR are reduced to 0.2 times in order to easily
observe the difference between these methods. The RMSE values of stk-ANN and GA-
LSSVR are much larger than those of the DAG method, which indicates that these methods
have overfitting. The MAE values of LSTM, S-LSTM, and stk-ANN are much larger
than those of the DAG method. Through comparison, MAE and RMSE values are more
reasonable, and the DAG method is proved again to have the highest prediction accuracy
for the SOFC system.

In the prediction data, the EE value of the 970th sample point is 46.92%, higher than
the expected value of 46.17%. The predicted EE value of the 220th sample point is 42.13%,
and its expected value is 42.12%. The two data are very close. Two samples show the
direction optimization of SOFC system efficiency.
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Figure 11. Analysis results comparison of second dataset using the DAG method.

3.3.2. System Efficiency Improvement and Carbon Emission Reduction Measures

When SOFC system efficiency needs to be adjusted, we can first compare the difference
between the actual efficiency and the expected efficiency based on the adjustment process
in Figure 12, and then we can adjust operating points I1~I4 of the expected efficiency.
The adjustment sequence is adjusted according to the process of I3 (load)~I1 (fuel flow
rate)~I4 (steam flow rate)~I2 (air flow rate). In the process of regulation, if SOFC system
real efficiency is close or matches the expected efficiency, the regulation can be terminated
at any time to maintain the system working state.

Expected

Current working condition: Real efficiency efficiency

o
I1:fuel 12:Air I3: Load 14:Steam Efficiency I1:fuel
flow rate flow rate | requirement | flow rate oufput | flow rate
_ v L 1 [ 1A
1 2 14 Efficiency /1 flow rate
output p———
= 7 J 13: Load
r w requirement
Efficiency
12 14 output [4:Steam
- < flow rate
a ¢ ) .
» Efficiency Efficiency
output output
_ J ——

Figure 12. System efficiency optimization process.

In the process of SOFC system thermoelectric efficiency switching, the large difference
in switching time scales between electric efficiency and thermal efficiency cannot be avoided.
Thus, we need to fully study the control strategy, which will be our future research object.
In addition, we can install carbon capture devices at the system exhaust gas outlet to reduce
carbon emissions.
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4. Conclusions

In this study, a new adaptive neural network is proposed to predict SOFC system
energy loss. The prediction results of the model are used to guide the operation point
adjustment of system efficiency optimization. In the novel adaptive neural network, its
hidden unit does not need to be determined in advance and can be trained automatically.
With neural network weight adjustment, the AMSG is used to optimize the DN model,
then a good DAG model is obtained, which further proves the superiority of this method.
Comparison with methods in other literature, this proposed method has better predictive
ability for SOFC system thermoelectric efficiency. After prediction and analysis, we find
the proposed method has the lowest MAE and RMSE values (less than 0.014). The result
is the guiding direction for SOFC system efficiency optimization. After the SOFC system
operation point is optimized, installing a carbon capture device at the end of the SOFC
system can achieve the dual effects on emission reduction and efficiency. The research
outcome of this study can provide guidance for fuel cell vehicles and boats efficiency
optimization and contribute to sustainable development of the environment.

In the future, we will refer to more mature neural network methods to conduct a
more in-depth study on the operation efficiency optimization of the SOFC system, further
improve the efficiency prediction model used, and design relevant control strategies to
achieve a more effective improvement for SOFC system thermoelectric efficiency.
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Nomenclature

Explanation of abbreviation in manuscript
AMSG Adaptive mean square gradient
LS-SVR  Least squares support vector regression

ANN Artificial neural networks
LSTM Long short-term memory
BP Back propagation

MAE Mean absolute error

DN Dendrite net

RBF Radial basis function
DAG Dendrite net based on the AMSG
RF Random forest

EE Electrical efficiency

RMSE Root mean square error
ELM Extreme learning machine

SPGP Sparse pseudo-input Gaussian process
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GA Genetic algorithm

stk-ANN  Stack-artificial neural network

HE Heat efficiency

SVM Support vector machine

LS Least squares

SVR Support vector regression

X Input value after standardization

Y Output value after standardization

x Input value before standardization

y Output value before standardization

T DN input or output

W Weight matrix or tuning neural network stability
k The number of relative units

) The number of relative units

V4 Transition matrix

o Learning rate

Y Model output predictive value

m The number of set batches in the training process

B Degradation rate
t Iteration times or operate time
0 Iteration weight marix
gt Adaptive gradient value
" Predictive value
Vv Adaptive gradient parameter or stack voltage
€ Setting parameter
LHV Low heat value
N Gas flow rate
I Current
N The number of cells
Vevater Volume of water
C Specific heat capacity
Ry Conversion factor
A Change rate
° Hadamard product
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