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Abstract 

Low biogas yield in cold climates has brought great challenges in terms of the flexibility and resilience of biogas 
energy systems. This paper proposes a maximum production point tracking method for a solar-boosted biogas 
generation system to enhance the biogas production rate in extreme climates. In the proposed method, a multi-
dimensional R–C thermal circuit model is formulated to analyze the digesting thermodynamic effect of the anaerobic 
digester with solar energy injection, while a hydrodynamic model is formulated to express the fluid dynamic inter-
action between the hot-water circulation flow and solar energy injection. This comprehensive dynamic model can 
provide an essential basis for controlling the solar energy for digester heating to optimize anaerobic fermentation 
and biogas production efficiency in extreme climates. A model predictive control method is developed to accurately 
track the maximum biogas production rate in varying ambient climate conditions. Comparative results demonstrate 
that the proposed methodology can effectively control the fermentation temperature and biogas yield in extreme 
climates, and confirm its capability to enhance the flexibility and resilience of the solar-boosted biogas generation 
system.
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1 Introduction
1.1  Motivation
Environmental pollution and global warming have 
prompted the research community to search for renew-
able energy sources (RESs) as valuable solutions [1]. 
Large-scale utilization of RESs to replace fossil energy 
for power generation has become the common goal of 
countries around the world. Biomass can play a vital role 
in promoting the use of RESs and is considered as the 
fourth largest energy resource in the world. Biomass can 
be converted to biogas through anaerobic fermentation, 
which can be used to supply local multi-energy demands 
using a combined heating and power (CHP) unit [2]. 

For mesophilic digestion, fermentation temperature is 
the main factor that affects the anaerobic fermentation 
to promote the degradation and metabolism of anaero-
bic bacteria [3]. Low ambient temperature can result in 
extremely low digestion efficiency, and the anaerobic fer-
mentation process is suspended when the temperature 
falls below around zero [4]. This low-efficiency biogas 
production is the main obstacle to the promotion of 
biogas application and development in cold areas [5].

Recent studies have looked at the biogas yield prob-
lem in extreme climates. Many physical and chemical 
approaches have been adopted [6–9] to improve the fer-
mentation temperature, such as straw and plastic film 
laying on the periphery of biogas digester, electrother-
mal film heating, boiler heating, waste heat heating from 
CHP, etc. The traditional heating approaches rely on the 
non-renewable fossil fuels, which release greenhouse gas 
during the utilization processes and have negative impact 
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on the social-economic environment [10]. With the soar-
ing price of fossil fuel and increasing environmental con-
cerns, solar energy technologies are widely harnessed 
to improve anaerobic fermentation efficiency, including 
solar collectors and solar greenhouses [11–18]. In addi-
tion to electrical generation, CHP waste heat can be 
used to warm up the biogas digester, which can provide 
a low-cost and efficient solution for biogas production 
in cold areas. The inherent intermittency and volatility 
of solar radiation can lead to uncertainty of the external 
heating energy injection, thereby accelerating fermenta-
tion temperature fluctuation. Solar energy heating can 
be controlled by the hot-water flow to maintain the opti-
mal temperature to ensure maximum biogas production. 
Therefore, this paper is devoted to establishing a solar-
boosted biogas generation system to manage the fermen-
tation temperature in variable climates and rapidly track 
the maximum biogas production point for flexibility and 
resilience enhancement.

Maximum production point tracking (MPPT) involves 
not only the thermodynamic effects of solar energy injec-
tion but also the hydrodynamic interaction between the 
water flow and pipe pressure. In such cases, the fermen-
tation temperature requires comprehensive dynamic 
modelling of water flow, pressure fluctuation, convective 
heat transfer, and conductive heat transfer in the digester 
climate. This could lead to high nonlinearity and increase 
the computational burden throughout the MPPT optimi-
zation scheme. Therefore, MPPT is a challenging prob-
lem that is difficult to solve with conventional methods 
because of the uncertainty of solar energy, multi-energy 
coupling, high-dimensional variables, nonlinear differen-
tial thermodynamics and hydrodynamics.

1.2  Literature review
Traditional physical insulation measures, such as cover-
ing the ground around the digester with charcoal [9], lay-
ing straw and plastic film on the periphery of the biogas 
digester, are commonly used to prevent heat loss and 
maintain fermentation temperature. However, by add-
ing insulation materials, the fermentation temperature 
can only be passively sustained rather than proactively 
adjusted. Thus, several studies have looked at solving 
the low biogas yield problem with external energy injec-
tion. In [4], engine waste heat is employed to provide the 
steam required for thermal hydrolysis pre-treatment and 
the heat for anaerobic digestion. Electricity from natural 
gas and fossil fuel to heat the anaerobic digestion is also 
effective in improving the biogas yield [7], though waste 
of primary energy and negative impact on the environ-
ment cannot be avoided.

The focus of recent research is to use RESs to facili-
tate relatively high fermentation temperature, including 

the ground source heat pump [19], biomass boiler [20], 
groundwater source heat pump [6], methane liquid heat 
recovery pump etc. However, considering availability and 
economy, these methods are not suitable for biogas pro-
duction in rural areas. Compared with other renewable 
technologies, solar energy is independent of the influence 
of the geographic environment and offers eco-friendly 
and least expensive heating sources [4, 21]. It has been 
proved that solar heating is an efficient way to facilitate 
biogas production. In [15], a solar heating biogas fer-
mentation system is tested for five months and the heat 
collected by the  2m2 solar collector after eight hours 
in October can meet the heat demands of  6m3 biogas 
digester’s fermentation at Hohhot. A solar heated biogas 
system integrated with a phase change thermal storage 
device is introduced in [16] and the preliminary results 
show that the system could be a promising solution to 
promote the application of biogas technology in cold 
areas. The solar-heated biogas digester is modeled in [17] 
to simulate and predict its thermal behavior. Two solar 
greenhouses are used to heat the digester in [18] and 
the simulation indicates that the proposed system can 
increase biogas production and revenue compared to the 
system with no heating resource. Nevertheless, existing 
work has mainly focused on the enhancement of steady-
state production performance while trying to verify the 
economical and technical feasibilities of the solar-heated 
biogas system. The system thermodynamic and hydrody-
namic behaviors, which are essential for the development 
of advanced control strategies to track the maximum 
biogas production, are ignored.

1.3  Contribution and organization
In this paper, a model predictive control (MPC)-based 
biogas MPPT method is proposed to enhance the biogas 
production rate of the solar-boosted biogas generation 
system in extreme climates. The contributions of the 
paper are:

1. A dynamic model of a solar-boosted biogas energy 
generation system is formulated to describe the ther-
modynamic and hydrodynamic interactions dur-
ing the biogas production process with solar energy 
injection. An R–C thermal network is modeled to 
analyze the digesting thermodynamic effect with 
solar energy injection, while a hydrodynamic model 
is formulated to control the solar hot-water circula-
tion flow. Compared with the previous solar-heated 
biogas system with uncontrollable dynamic model-
ling, this model allows accurate control of thermody-
namic and hydrodynamic behaviors, which can pro-
vide an essential basis for controlling the solar energy 
for digester heating.
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2. A MPC-based biogas MPPT method is proposed 
to maximize the biogas production rate in variable 
climates. The strategy systematically integrates the 
rolling optimization and feedback mechanism based 
on short-term prediction of the solar radiation and 
ambient temperature, to optimize the digesting fer-
mentation temperature, so as to track the maximum 
biogas production rate and enhance the resilience of 
the solar-boosted biogas generation system to vary-
ing ambient climate conditions.

The rest of the paper is organized as follows. Section 2 
illustrates the low biogas yield problem in extreme cli-
mates and shows the proposed biogas generation system. 
Section  3 describes the proposed MPC-based MPPT 
method, while Sect.  4 analyzes the performance of the 
proposed method through simulation. Section 5 presents 
the conclusions.

2  Dynamic modelling of solar‑boosted biogas 
generation system

2.1  Problem description
Among all the factors that affect the anaerobic fer-
mentation, temperature is of greatest importance. For 
mesophilic anaerobic fermentation, the increase in tem-
perature of the anaerobic digester will promote the deg-
radation and metabolism of anaerobic bacteria, thus 
improving the biogas production [22]. Therefore, solar 
energy is utilized for biogas digester heating to enhance 
the fermentation temperature in this paper. The hot-
water circulation for biogas digester heating is illustrated 
in Fig.  1. As can be seen, the cold water in the tank is 
pumped to the solar thermal collector. Then solar radia-
tion is absorbed and converted to thermal energy for 
water heating in the pipe, which is transmitted to the 
digester tank to heat the biogas fermentation liquid. 
However, with further increase of fermentation temper-
ature, such overtemperature can reduce the activity of 

microorganisms in the fermentation process, resulting 
in inefficient biogas production. Therefore, it is impor-
tant to develop control strategies that can track the maxi-
mum biogas production by optimizing the fermentation 
temperature.

This paper aims to maintain the fermentation temper-
ature at the optimal level so that the system can output 
maximum production in real time, i.e., to achieve MPPT. 
With the digesting thermodynamic effects on biogas pro-
duction, the fermentation temperature can be influenced 
by external solar energy injection. The heat transmitted 
to the digester can be controlled by the hot-water flow, 
while water flow is highly nonlinear to the pressure drop 
along pipelines based on hydrodynamic analysis. In addi-
tion, the inherent intermittency and volatility of solar 
radiation make the analysis of the associated optimal 
control problem challenging. In order to maintain opti-
mal biogas production, the primary objectives of this 
paper are to propose: a biogas generation system based 
on thermodynamic and hydrodynamic analysis, and a 
MPC-based MPPT to enable the biogas generation sys-
tem to rapidly track the desired maximum point during 
dynamic changes of ambient temperature.

2.2  Modelling of solar‑boosted biogas generation system

1. Digesting thermodynamic analysis

For biogas digestion, temperature is the primary envi-
ronmental factor that affects the digestion rate and pro-
cess. In general, the increase of fermentation temperature 
will lead to the increase of the substrate use and micro-
bial metabolic rate, thereby improving the biogas produc-
tion. However, if the fermentation temperature exceeds 
the optimum temperature, the activity of anaerobic bac-
teria and the efficiency of the digestion process will be 
reduced. According to the field measured data in [23], 
biogas production rate fbio is a function of fermentation 
temperature and can be modeled as:

where Bo is the biochemical methane potential; So is the 
influent volatile solids concentration; HRT is the hydrau-
lic retention time; µm is the maximum specific growth 
rate of microorganisms; Td is the fermentation tempera-
ture [24]. K is a dimensionless kinetic parameter related 
to the concentration of influent volatile solids [25], and is 
given as:

(1)fbio =
BoSo

HRT

(

1−
K

HRTµm − 1+K

)

(2)K= 0.6 + 0.0206e0.051So
Water distributor

Stratified heat storage tank
Solar thermal collector

Throttle valve

Pump

Digestion tank

Pipe

Insulation

Peripheral wall

Fig. 1 Solar hot-water circulation for biogas digester heating
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The relationship between the maximum specific growth 
rate of microorganisms and the fermentation temperature 
is given as [25]:

The available solar energy can be used for digester heat-
ing, thereby promoting the anaerobic fermentation process 
for biogas production enhancement [26]. A multi-dimen-
sional R–C thermal circuit model of the underground 
biogas digester is established to analyze the digesting ther-
modynamic effects under external energy injection. Here, 
the heat transfer and storage are represented by thermal 
resistances and capacitances. The inside, internal wall, 
peripheral wall and ambient temperatures of the digestion 
reactor can be characterized by nodes with thermal poten-
tials. Using the lumped model analysis of the structure and 
environmental conditions of the cylindrical digester in [24], 
three thermal circuital branches are established to analyze 
the nodal digesting thermodynamic effects on different 
surfaces. For the ith branch, the internal wall is the insula-
tion layer and can be denoted as a node connected to the 
node inside the digester by two resistances Zini/2 and Zdi , 
and the peripheral wall node is connected to the external 
node by two series resistances Zwi/2 and Zouti . Two resist-
ances Zini/2 and Zwi/2 are used to represent the thermal 
interaction and transfer of the two-layer walls. Thus, the 
digesting thermodynamic effects can be modeled based on 
the nodal analysis of thermal circuits, as:

(3)µm=

{

0.026e0.1319Td , 0◦C ≤ Td ≤ 30◦C

0.013Td − 0.129, 30◦C ≤ Td ≤ 60◦C

(4)

Cd

dTd,k

dk
= Esf,k +

Tin1,k − Td,k

Zd1 +
Zin1

2

+
Tin2,k − Td,k

Zd2 +
Zin2

2

+
Tin3,k − Td,k

Zd3 +
Zin3
2

(5)

Cini
dTini,k

dk
=

Td,k − Tini,k

Zdi + Zini

/

2
+

Twi,k − Tini,k

Zwi

/

2+ Zini

/

2
, ∀i = 1, 2, 3

(6)Cw1
dTw1,k

dk
=

Tout,k − Tw1,k

Zout + Zw1

/

2
+

Tin1,k − Tw1,k

Zin1

/

2+ Zw1

/

2

(7)Cw2
dTw2,k

dk
=

Ts,k − Tw2,k

Zs + Zw2

/

2
+

Tin2,k − Tw2,k

Zin2

/

2+ Zw2

/

2

(8)Cw3
dTw3,k

dk
=

Ts,k − Tw3,k

Zs + Zw3

/

2
+

Tin3,k − Tw3,k

Zin3

/

2+ Zw3

/

2

(9)Esf,k = Cwater,kQd,kρwater(Thw,k − Td,k+1)

where Cd , Cini , and Cwi represent the thermal capaci-
tances of the digester inside, the ith surface of the insula-
tion layer and the peripheral wall, respectively; Zdi , Zouti , 
Zini , Zwi and Zs represent the thermal resistances that are 
used for the convective heat transfer inside the digester 
and through the digester cover, conductive heat transfer 
inside, peripheral walls and soil, respectively; Td , Tout , 
Ts , Tini , and Twi are the temperatures inside and outside 
the digester, the surrounding soil, the first and second 
layer walls, respectively; k represents the operating time; 
ρwater is the water density; Esf represents the controlla-
ble amount of thermal energy injection from renewable 
harvesting; Thw,k is the temperature of hot-water flow 
injected into the digester at time k.

2. Hydrodynamic modelling of solar water circulation

The heat transmitted to the digester can be controlled 
by the hot-water flow. A hydrodynamic networking 
model is established to describe the interaction between 
the water flow and the pressure drop along the pipe-
lines. Solar collector, heat storage tank, throttle valve and 
biogas fermentation tank can be represented by nodes 
with specific pressure as shown in Fig. 2. Between adja-
cent nodes, the flow coefficient of the pipeline is used to 
describe the flow resistance, and there is a nonlinear rela-
tionship between water flow and pressure drop along the 
transmission pipeline [27]. According to the node analy-
sis of the hydrodynamic network loop, the water flow 
Qd,k from the throttle valve to the digester will change 
with the pressure at the throttle valve outlet, which can 
be described as:

where αbp is the flow coefficient of the pipeline; Ud,k is the 
pressure of the biogas digester at time k; Uval,out,k is the 
flow pressure at the outlet.

Other water flows as well as their temperatures in the 
model are described as:

(10)Qd,k = αbp4

√

Uval,out,k − Ud,k

(11)0 ≤ Ud,k ≤ Uval,out,k

QPTv,k
UPT,k Uval,in,k

Qval,k
Uval,out,k Ud,k

αbp1

Ures,out,k

The throttle valve

αbp2
Qres,out,k

Qd,k

αbp4

Tres,k

TPT,k Thw,k Thw,k

Digester

Ures,in,k

αbp3
QPTr,k

TPT,k

Heat storage tank

QPT,k

Fig. 2 Hydrodynamic model of the biogas generation system
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where Qres,out,k is the water flow from the heat storage 
tank to the throttle valve; QPTv,k is the total water flow 
from the collector; QPTv,k , QPTr,k are the water flows from 
the collector to the throttle valve and the tank, respec-
tively; Ures,in,k and Ures,out,k are the respective inlet and 
outlet pressures of the tank; UPT,k and Uval,in,k are the 
respective pressures of the solar collector and inlet of the 
throttle valve; TPT,k and Tres,k are the temperatures of the 
collector and tank at time k, respectively.

The throttle valve controls the water flow by changing 
the throttling area. Assuming that the throttling pro-
cess is an isenthalpic process, the water flow through the 
throttle valve at time k Qval,k has the following relation-
ship with the inlet and outlet pressures:

where βval is the flow coefficient; Aval,k is the throttling 
area at time k; Uval,in,k is the flow pressure at the inlet; 
Aval,min and Aval,max are the respective lower and upper 
limits of the allowable throttle area; Uval,in,min , Uval,in,max , 
Uval,out,min and Uval,out,max are the allowable pressure lim-
its at the inlet and outlet of the throttle valve. The throt-
tling area of the valve can be changed by adjusting the 
opening of the valve, so as to control the water flow. It 
is noted from (17) that the change of throttling area will 
lead to a pressure change at the outlet of the throttle 
valve, as:

(12)QPTv,k = αbp1

√

UPT,k −Uval,in,k

(13)Qres,out,k = αbp2

√

Ures,out,k − Uval,in,k

(14)QPTr,k = αbp3

√

UPT,k − Ures,in,k

(15)Thw,k =
QPTv,kTPT,k + Qres,out,kTres,k

QPTv,k + Qres,out,k

(16)QPT,k = QPTv,k + QPTr,k

(17)Qval,k = βvalAval,k

√

2(Uval,in,k − Uval,out,k)

ρwater

(18)Qval,k = QPTv,k + Qres,out,k

(19)Aval,min ≤ Aval.k ≤ Aval,max

(20)Uval,in,min ≤ Uval,in,k ≤ Uval,in,max

(21)Uval,out,min ≤ Uval,out,k ≤ Uval,out,max

When the light and heat are insufficient, the heat 
storage tank provides heat so the water flow of the 
throttle valve is equal to the outlet water flow of the 
storage tank and the collector. In contrast, when the 
light and heat are sufficient, the excess thermal energy 
is stored in the tank so the water flow of the throttle 
valve is equal to the water flow of the collector.

3. Solar-biogas generation system for multi-energy sup-
plies

The use of solar energy to heat the biogas digester 
is efficient in overcoming the obstacle of low biogas 
yield in a cold climate and improving solar energy pen-
etration. Figure  3 illustrates a solar-biogas generation 
system with multi-energy carriers, where solar and 
biomass energy are converted into electricity and heat 
through the solar thermal collector and biogas digester. 
Given the thermodynamic effects of fermentation tem-
perature on biogas production, the thermal energy from 
the solar collector is used to heat the biogas digester, 
thereby promoting anaerobic fermentation to enhance 
the biogas production rate. The biogas can be stored 
in the biogas storage tank or converted into electricity 
and heat via a CHP unit to supply local multi-energy 
demands [28]. The hot-water storage tank and biogas 
storage tank can provide sufficient storage capacity for 
the available heat and biogas. Therefore, a variety of 
energy conversion and storage devices are integrated 
to combine and couple these carriers to form a center-
internal energy redundant connection, and can provide 
flexibility and synergy for multi-energy supplies.

(22)Uval,out,k = Uval,in,k −
Q2
val,kρwater

2β2
valA

2
val,k

Electricity

Heating

The grid

CHP unitBiogas digester

Solar

Biomass

Solar thermal collector

Biogas storage tank

Hot water storage tank

Transformer

Fig. 3 Solar-boosted biogas generation system for multi-energy 
supplies
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3  MPC‑based MPPT method
3.1  MPPT framework based on MPC
Figure  4 shows the MPC-based MPPT framework.  The 
predicted solar radiation and ambient temperature can be 
obtained from the historical observation data using a non-
linear regression method [3]. Monte Carlo simulations are 
implemented to generate a series of scenarios to capture 
the prediction uncertainties of solar radiation and ambient 
temperature [5]. Thus the fermentation temperature and 
biogas production rate in each time slot can be obtained 
from the multi-dimensional R–C thermodynamic model 
of the biogas digester and the hydrodynamic model of the 
hot-water circulation flow based on the prediction scenar-
ios and input parameters.

During the optimization process, the control decision is 
obtained by solving the optimization problem at the cur-
rent time while taking into account the uncertainties of 
solar radiation and ambient temperature of future horizons 
[29], while only the optimal control decision for the current 
time k is implemented as the actual control input [30].

Considering the inaccuracy of the predicted outputs 
obtained from the proposed model, a feedback mecha-
nism is adopted based on the actual outputs of the solar-
boosted biogas generation system at the current time k to 
tune the multi-dimensional R–C thermodynamic model 
of the biogas digester and the hydrodynamic model of the 
hot-water circulation flow, as well as the prediction of solar 
radiation and ambient temperature.

3.2  Objective function
The optimization objective aims to minimize the difference 
between the maximum biogas production and the biogas 
production at the current time k, as well as the expected 
biogas production of all remaining future scenarios, which 
can be formulated as:

where Kend represents the last time slot of the rolling 
horizon; Ns represents the total number of scenarios; πs 

(23)

min







�

fbio,max−f ∗bio,k ,s
�2
+

Kend
�

t=k+�k

Ns
�

s=1

πs

�

fbio,max−f ∗bio,t,s
�2







(24)Td,min ≤ T ∗
d,k ≤ Td,max

is the probability of scenario s; fbio,k ,s is the calculated 
biogas production at time k; and fbio,max is the maxi-
mum biogas production of the mesophilic fermentation 
digestion.

3.3  System constraints

1. Solar thermal collector

The flat-plate solar collectors have simple mechanical 
structure and stable performance, and are widely used 
in household and industrial applications. They usually 
include a black absorber with a glass cover and insulation. 
While the glass cover with low iron content can increase 
light transmittance and reduce radiation loss, the insula-
tion on the back and sides can reduce conduction losses. 
The plate can absorb and convert solar radiation into use-
able heat to heat the water up to 90 °C while the thermal 
efficiency can reach 70%. The useful energy EPT,k is calcu-
lated based on the energy balance as [31]:

where GPT,k is the solar radiation at time k; As is the light-
ing area of the collector; ηs is the efficiency of the solar 
collector; Cwater is the specific heat capacity of the hot-
water in the solar thermal collector; VPT,max is the rated 
volume of the collector; UPT,min and UPT,max are the 
allowable pressure limits of the collector.

2. Stratified heat storage tank

Solar energy has significant instability and disconti-
nuity due to the changes of weather and other factors. 
Storage of solar energy is necessary when the fermenta-
tion temperature exceeds the optimal temperature, while 
the hot-water stored in the tank when the solar radiation 
intensity is sufficient can provide thermal feedback for 
the biogas digester in an underlit scene, such as a cloudy 
day or night.

A natural layered heat storage tank is adopted, and its 
specific structure is shown in Fig. 1. The tank is directly 
connected to the solar thermal collector where the outlet 
and return pipes are located above and below the tank, 
respectively. The inlet ports of the solar collector and 
the outlet ports of the biogas tank are located at the high 
temperature top of the tank whereas the outlet ports of 

(25)
EPT ,k = GPT ,kAsηs=Cwater,kQPT,kρwater(TPT,k − Tout,k)

(26)0 ≤ TPT,k ≤ TPT,max

(27)0 ≤ QPT,k�k ≤ VPT,max

(28)UPT,min ≤ UPT,k ≤ UPT,max

solar-boosted 
biogas energy 

generation systemRolling 
opitmization

Prediction 
model

Feedback 

Predicted 
output

Control 
input

Controlled 
outputMPPT

Fig. 4 Block diagram of MPC-based MPPT
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the solar collector and the inlet ports of the biogas tank 
are located at the low temperature bottom of the tank. 
The density of water varies with temperature, so the 
returning water tends to flow up or down to the storage 
tank because its temperature is significantly different 
from the temperature at the top and bottom of the tank 
[32].

Assuming that the heat losses in and out of the water 
pipe are negligible, the energy balance of the heat storage 
tank is given as:

The operating constraints of the tank are:

where Eres,total,k and Eres,loss,k are the total heat and heat 
loss in the tank at time k, respectively; mres,k is the mass 
of the hot-water in the tank at time k;Ares is the surface 
area of the tank; Eres,in,k and Eres,out,k are the inlet and 
outlet heat in the tank at time k, respectively; Tout,k is the 
temperature of the outside of the tank at time k; θhl is the 
heat loss coefficient; Ures,in,min , Ures,in,max , Ures,out,min and 
Ures.out,max are the allowable pressure limits at the inlet 
and outlet of the tank; Vres,min and Vres,max are the lower 
and upper limits of the hot-water volume, respectively.

3.4  Solution method

1. Problem reformulation

MPPT is a nonlinear programming optimization prob-
lem which is difficult to solve directly using existing solv-
ers because of the nonlinear differential thermodynamics 

(29)

Eres,total,k+1 = Eres,total,k + Eres,in,k − Eres,out,k − Eres,loss,k

= Eres,total,k +mres,kCwater(Tres,k+1 − Tres,k)

(30)Eres,loss,k = θhlAres(Tres,k − Tout,k)

(31)Eres,in,k = CwaterQPTr,kρwater(TPT,k − Tres,k+1)

(32)
Eres,out,k = CwaterQres,out,kρwater(Tres,k − Td,k+1)

(33)
mres,k+1 = mres,k + (QPTr,k − Qres,out,k)ρwater�k

(34)Eres,total,min ≤ Eres,total,k ≤ Eres,total,max

(35)Ures,out,min ≤ Ures,out,k ≤ Ures,out,max

(36)Ures,in,min ≤ Ures,in,k ≤ Ures,in,max

(37)Ures,out,min ≤ Ures,out,k ≤ Ures,out,max

(38)Vres,minρwater ≤ mres,k ≤ Vres,maxρwater

and hydrodynamics. In such cases, the thermodynam-
ics-based R–C thermal network and the hydrodynamic 
networking model are reformulated to decrease the non-
linearity and computational burden.

As the multi-dimensional R–C thermal circuit model 
in (4)–(9) is highly nonlinear, the linearization method 
of the general nonlinear differential system in [33] is 
adopted to decrease the nonlinearity of the digesting 
thermodynamic equations. It has been demonstrated in 
[33] that this linearization will not result in noticeable 
error. This is because of the small fermentation temper-
ature range of the biogas digester. Thus, the linearized 
state space form of the multi-dimensional R–C thermal 
model is discretized as:

where Tk ,i =
[

Tin,k ,i,Tw,k ,i,Ts,k ,i

]

 is the state vector rep-
resenting the nodal temperatures of the R–C thermal 
model at time k; uk denotes the input vector including 
solar energy injection and environmental temperature; A 
and B are the coefficient matrices which can be obtained 
from the capacitances and resistances of thermal circuital 
branches.

In order to decrease the nonlinearity of water flows in 
(10)-(14), a linearization method in [5] is applied to line-
arize the hydrodynamic model of hot-water circulation 
flow. In Fig. 5, Qd,k is selected as an example to illustrate 
the linearization process. As seen, point O 

(

W 0
4,k ,Q

0
d,k

)

 
represents the base point, around which the hot-water 
flow equation is linearized, while point A 

(

W4,k ,Qd,k

)

 and 
point B 

(

W L
4,k ,Qd,k

)

 represent the current operating 
point and linear prediction point, respectively. W4,k 
denotes the squared pressure drop. W4,k and Qd,k are 
given as:

(39)Tk+1,i = ATk ,i + Buk

(40)W4,k = Ud,k − Uval,out,k

(41)Qd,k = αbp
√

W4,k

Fig. 5 Linearization of hydrodynamic model
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W L
4,k can be obtained from the linearized water flow 

equations around point O, as:

In addition, the capacitance and resistance parameters 
of the dynamic models can be derived from [12, 22, 27], 
and have been validated against the historical data (e.g., 
digestion temperature, outside temperature, thermal 
energy for digester heating, etc.) for parameter tuning [3].

2. Solution procedures

Figure 6 illustrates the flowchart of the proposed MPPT 
method procedure. In this paper, an MPPT method is 
proposed to improve the fermentation temperature and 
biogas yield in extreme climates considering the thermo-
dynamic and hydrodynamic effects, thereby enhancing the 
flexibility and resilience of the solar-boosted biogas gen-
eration system. Specifically, for the multi-dimensional R–C 
thermal circuit model, the fermentation temperature is 
determined by all heat changes inside the digester, includ-
ing the hot water injected into the digester, outside tem-
perature, etc. For the hydrodynamic networking model, 
the solar water circulation is determined by all pressure 
changes inside the digester, including the pressure at the 
throttle valve outlet, heating water from renewables, 
etc. Based on the reformulated thermodynamics-based 
R–C thermal network and the hydrodynamic networking 
model in Sect. 3.4, the MPC-based MPPT is adopted. The 
optimization problem is solved every 15 min in a 24-h roll-
ing horizon and only the first control step is implemented 
at the current time k. Considering the inaccuracy of the 
parameters and prediction data, a feedback mechanism is 
executed to adjust the control decisions of the next time 
slot. All the tests are performed via the commercial Matlab 
platform on a laptop with 1.8-GHz Intel Core i7 CPU and 
8  GB RAM, and solved with Yalmip solver CPLEX with 
their default settings. The optimized results of 24  h can 
be obtained and further analyzed to calculated the system 
performance index for comparative study.

4  Case study
4.1  Experimental data and settings
In this case study, the proposed MPPT method is tested 
on a demonstration project in Yiyang, Hunan, China. 

(42)W L
4,k = W 0

4,k+�Qd,k

/

dQd,k

dW4,k

|0

(43)
dQd,k

dW4,k

|0 =
α4

2
√

W 0
4,k

=
α2
4

2Q0
d,k

The project is equipped with a  600m3 cylindrical biogas 
digester and a  600m3 gas tank for biogas production and 
storage. The actual parameters of the biogas digester, 
solar thermal collector, and stratified heat storage tank 
from the rural microgrid demonstration are shown in 
Table 1.

The complete scheduling cycle k and time interval ∆k 
of the biogas generation system are set to 24  h and 1  h 
respectively. Monte Carlo simulations are performed to 
generate a series of scenarios to capture the prediction 
uncertainties of solar radiation and ambient temperature. 
The initial scenario tree consists of 2000 scenarios, and 
each scenario has a 1/2000 probability of occurrence. In 
order to decrease the computational effort, only 10 sce-
narios are reserved for rolling optimization in each time 
slot, as shown in Fig.  7. Because of the seasonal differ-
ences in meteorological conditions, typical daily mete-
orological data in summer and winter in Hunan are 
adopted, as shown in Figs. 8 and 9.

4.2  Comparative results and analysis
In order to validate the effectiveness and superior perfor-
mance of the proposed methodology, comparative stud-
ies are conducted with three schemes:

Fig. 6 Flowchart of the MPPT method solution procedure
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1. Scheme 1 is the proposed MPC-based MPPT method 
in Sects. 2 and 3.

2. Scheme 2 is the solar-boosted biogas generation sys-
tem without adopting the MPPT method.

3. Scheme  3 is the biogas generation system without 
using the solar energy.

Figures 10 and 11 depict the dynamic changes in water 
temperature and the volume of heated water inside the 
solar thermal collector in summer and winter, respec-
tively. As can be seen, the solar collector stops working 
during the nighttime because of zero solar radiation, and 
thus the water temperature of the collector is equal to the 
environmental temperature and the volume of heated 
water is 0. During the daytime, the collector absorbs solar 
radiation so both the water temperature and the volume 
of heated water increase. It can be seen that the heated 
water volume follows the temperature, such as during 
6 h to 14 h in winter, for full absorption of solar radiation 

under the protection temperature limit.
The dynamic changes of heat storage/release and the 

remaining heat of the stratified heat storage tank in sum-
mer and winter are illustrated in Figs. 12, 13, 14 and 15. 
The positive and negative values in Figs. 12 and 13 repre-
sent heat storage and heat release, respectively. It should 
be noted that the change of heat storage in the tank is 
mainly affected by the ambient temperature and solar 

Table 1 Technical specifications of the solar-boosted biogas 
generation system [5, 23]

Device Power factors Power generation efficiency

Digester Zd = 0.062K/W Zin1 = 0.58K/W

Zin2 = 0.66K/W Zin3 = 0.61K/W

Zw1 = 0.21K/W Zw2 = 0.29K/W

Zw3 = 0.25K/W Cd = 0.46kWh/K

Cs1 = 10.21kWh/K Cs2 = 10.92kWh/K

Cs3 = 10.18kWh/K Cw1 = 5.26kWh/K

Cw2 = 5.87kWh/K Cw3 = 5.09kWh/K

HRT = 25 days S0 = 100 kg/m3

Td,min = 0 ◦C Td,max = 60 ◦C

Solar thermal 
collector

As = 150m2 ηs = 0.65

TPT,max = 90 ◦C VPT,max = 300L

Cwater = 0.0012kWh/(kg oC)

Stratified heat 
storage tank

Eres,total,min = 0 Eres,total,max = 80kWh

Vres,min = 0L Vres,max = 3000L
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Fig. 7 The daily solar radiation and ambient temperature of 10 
scenarios

Fig. 8 Typical average daily solar radiation and ambient temperature 
in summer

Fig. 9 Typical average daily solar radiation and ambient temperature 
in winter

Fig. 10 Water temperature and heated water volume of collector in 
summer
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radiation. For example, the increment of heat storage at 
13  h decreases in summer time as shown in Fig.  12 as 
the magnitude of the solar radiation increase is less than 
the temperature decrease. As the solar radiation in win-
ter is much less than that in summer, no excess heat can 
be used for storage in winter. Thus, the dynamic change 
of the heat storage/release and the remaining heat of the 
storage tank in Scheme 1 are completely consistent with 
those in Scheme 2, as shown in Fig. 13. Furthermore, as 
can be seen from Figs. 12 and 14, excess thermal energy 
in scheme 1 is automatically stored from 12 to 16 h and 
released from 16 to 21  h to improve the fermentation 
temperature because of the nodal pressure regulation by 
the MPPT method. The surplus heat in scheme 2 cannot 
be stored in the storage tank, and thus no heat can be 
used for promoting the biogas yield at night, such as dur-
ing 19 h to 23 h in summer.

As shown in Figs. 16 and 17, the contribution of solar 
energy feedback to heat the digester in schemes 1 and 

2, and thus to the fermentation temperature, increases 
biogas production compared with scheme  3. Since 
the MPPT method is not considered in scheme  2, the 
surplus thermal energy cannot be stored in the tank, 
and has to be directly injected into the digester. As a 
result, the fermentation temperature from 11 to 19 h in 
scheme 2 is above the optimal temperature, which leads 
to the decrease of biogas yield as the activity of anaerobic 
microorganisms is affected by the high temperature. The 
proposed methodology outperforms scheme 2 by main-
taining the optimal fermentation temperature and biogas 
yield from 11 to 22 h, with the excess solar energy fully 
utilized and stored in hot-water.

Figures 18 and 19 depict the curves of biogas fermen-
tation temperature and yield in winter. The average daily 
fermentation temperature in winter is 5.37℃ in both 
schemes 1 and 2, which is more than twice as high as 
that in scheme 3. Since the fermentation temperature in 
scheme 3 is below 8 °C all day and below 0 °C for the first 
7 h, the anaerobic bacteria can barely survive in winter, 
and thus the total production of biogas in scheme 3 is 0. It 
is clear that schemes 1 and 2 reduce the low-temperature 

Fig. 11 Water temperature and heated water volume of collector in 
winter

Fig. 12 Dynamic change of heat storage/release of the tank in 
summer

Fig. 13 Dynamic change of heat storage/release of the tank in 
winter

Fig. 14 Dynamic change of remaining heat of the tank in summer

Fig. 15 Dynamic change of remaining heat of the tank in winter

Fig. 16 Biogas fermentation temperature in summer
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time. This can maintain the activity of the anaerobic bac-
teria. Compared with scheme 3, sufficient solar thermal 
energy is used to maintain the optimal fermentation tem-
perature in schemes 1 and 2, and this enhances the biogas 
production even in cold climates.

The 24-h comparative performance results on the 
average fermentation temperature, biogas yield, elec-
tricity procurement cost, gas procurement cost, and 
biogas supply break time with schemes 1–3 on typical 
summer and winter days are summarized in Tables  2 
and 3, respectively. Considering that electricity is the 
main energy requirement of local consumers for the 
incomplete district heating network in the south of 
China, the CHP unit is running in the following-elec-
tric-load (FEL) mode with fixed electrical generation 
efficiency of 0.4 and thermal generation efficiency of 
0.45 [3]. As shown in Figs. 20, 21, 22 and 23, the ther-
mal and electrical outputs cannot completely meet the 
local demand in schemes 1–3. Hence, the CHP unit has 
to consume all generated biogas at every moment in 

the FEL mode for energy supply without excess biogas 
reserved, and will be shut down during biogas supply 
break time. Furthermore, considering a better coordi-
nation among the collector and heat storage tank under 
the proposed MPPT method in scheme 1, it can be seen 
that scheme 1 in summer can reduce the procurement 
cost of electricity and gas by 11.25% compared with 
scheme  2. The biogas supply break time in schemes 1 
and 2 can also be reduced by 9 h compared to scheme 3 
in winter, because of the solar energy feedback from 
the collector. The comparative results demonstrate the 
superior performance of the proposed scheme 1 for the 
improvements in electricity and gas procurement cost 
and biogas supply break time. This confirms its capabil-
ity to enhance the flexibility and resilience of the solar-
boosted biogas generation system.

Fig. 17 Biogas yield in summer

Fig. 18 Biogas fermentation temperature in winter

Fig. 19 Biogas yield in winter

Table 2 Comparative results of schemes 1–3 on typical summer 
days

Scheme Summer

1 2 3

Average fermentation temperature (°C) 33.56 33.67 29.80

Biogas yield  (m3) 852.63 802.91 681.43

Electricity procurement cost (Ұ) 693.06 776.12 979.08

Gas procurement cost (Ұ) 88.64 104.68 143.88

Biogas supply break time (h) 0 0 0

Table 3 Comparative results of schemes 1–3 on typical winter 
days

Scheme Winter

1 2 3

Average fermentation temperature (°C) 5.37 5.37 2.09

Biogas yield  (m3) 85.27 85.27 0

Electricity procurement cost (Ұ) 1251.78 1251.78 1394.23

Gas procurement cost (Ұ) 367.82 367.82 402.21

Biogas supply break time (h) 15 15 24
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Fig. 20 Electricity energy outputs of CHP unit in summer
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5  Conclusions
In this paper, a solar-boosted biogas energy generation 
system considering thermodynamic and hydrodynamic 
effects is established to control the solar energy for 
digester heating. A MPC-based MPPT method is devel-
oped to enhance the biogas production rate in extreme 
climates. The effectiveness and validity of the proposed 
methodology have been extensively tested on a dem-
onstration project equipped with a  600m3 cylindrical 
biogas digester in Hunan, China. The conclusions of 
this investigation are summarized as follows:

1. The proposed method can effectively enhance the 
flexibility and resilience of the solar-boosted biogas 
generation system, especially for the low biogas yield 
problem in extreme climates.

2. The proposed method can make full use of the col-
lected solar energy and prevent excessive fermenta-
tion temperature in summer by storing the excess 
heat in the stratified heat storage tank.

3. The proposed method can maintain the optimal 
fermentation temperature and track the maximum 
biogas production in varying climate conditions.
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