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Abstract

Developing hybrid renewable energy systems (HRES) has been recognized as the best sustainable method for re-
sponding to global energy shortages. Introducing biomass power as backup into the HRES enables the improvement
of the reliability of HRES powered by 100% renewable energy. But, the motivation behind this integration has been
ignored and has inspired this study. In this study, a Stackelberg-based biomass power trading framework was designed
to express resource integration and business collaboration between solar, wind, and biomass power operators for un-
interrupted power feed-in. Subsequently, a bi-level multi-objective dynamics optimization model was developed to
simulate the interplay between stakeholders in a hybrid 100% renewable energy system for the equilibrium between
system reliability, profit requirements, environmental benefits, and social value. Finally, the biomass power trading
framework and optimization method were successfully simulated in solar-wind-biomass HRES in the Qianjiang area,
Chongqing City. The results demonstrated the effectiveness of the proposed methodology. The hybrid wind-solar-
biomass renewable energy system could feed in power to the main grid around of 526 million kWh over the year,
among which wind power contributes above 57%, and biomass power stations supply a quarter of the electricity. With
2.92% of unmet load rate, operators of HRES and biomass stations can improve their earnings by 0.02 and 0.06 C-
NY/per kWh compared to their actual operations, respectively. After the sensitivity analyses, valuable conclusions and
suggestions about natural resource changes, power delivery strategies selection, and so on were drawn for reference
by business operators and local authorities for the multi-dimensional sustainable development of HRES.

Keywords: Biomass power trading, Bio-waste treatment, Bi-level multi-objective optimization, Solar energy, Wind
power;

1. Introduction

Global economic development and growing energy demand witnessed surging of CO, emissions over decades [1].
Grey electricity production has been recognized as a significant contributor to global warming effects, and its limited
supply and rising cost also arouses social concerns [2]. Nowadays, taking a radical restructuring of the worldwide
energy system is the only way to combat these negative impacts and energy shortage problem [3], which requires
increasing renewable electricity share to replace the fossil power supply [4, 5]. However, most of these, especially
wind and solar power, show variable availability with time, seasonality and daylong availability, and location, which
have been recognized as not the optimal solution for these goals.

To solve the problem, a renewable energy revolution-hybrid renewable energy system (HRES) is quietly rising [6].
Fossil fuel generators, battery energy storage systems, and other power sources like biomass recovery are the potential
candidates to be integrated with intermittent resources to ensure continuous access to electricity and energy security
[7]. The diesel engine is prevalent in many rural or remote areas because of simple installation and control schemes
[8]. But from a long-term perspective, the fuel cost, transportation cost, bulk storage need, and its environmental
effects make it an unappealing option, especially with the sharp rise in diesel engine prices globally. Batteries are seen
as a perfect backup for the hybrid renewable energy system. Still, they only allow for finite storage of power, and in the
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long-term, this can be impractical as batteries can discharge and suffer degradation as they reach the end of their life
span [9]. Consequently, academics shifted their attention to obtaining power from biodegraded resources, including
kitchen waste, agriculture waste, and livestock manure with its vast potential, predictability, and controllability in
power generation using anaerobic digestion and gasification [2]. Further, biomass recovery is environmentally friendly
to ensure waste can be reasonably disposed of and reduce pollution released into the atmosphere and ecology [10].

Biomass power with controllability has been recognized as an appropriate sustainable backup for the hybrid solar-
wind energy system, while HRES comprised of 100 % renewable energies is still complex and uncertain. To address
these uncertain problems, many studies conducted multi-energy sources dispatch using optimization programming
and commercial software from techno-economic-environmental perspectives [11]. For example, Colmenar-Santos
et al. [10] found that concentrated solar power stations hybridized with biogas are technically feasible. This method
is more economical than salt storage systems, as well as better operation time and electrical production control.
Ghaem Sigarchian et al. [2] explored a hybrid power system consisting of photovoltaic panels, a wind turbine, and a
biogas engine through a techno-economic analysis using HOMER. The simulation result shows that the hybrid system
integrated with the biogas engine as a backup can be a better solution than using a diesel engine as a backup. The
energy component structure is also considered in Liu et al. [1], while differently, the study takes an optimization
modeling approach in which the system operating costs, waste disposal costs, and carbon trading costs are used
as optimization objectives, presenting an economic dispatch based on robust stochastic optimization to reduce the
operational difficulty of the integrated energy system. Beyond the technical, economic, and environmental advantages,
Kushwaha et al. [12] highlighted that HRES, which integrates solar, wind, and biogas alongside conventional fossil
fuels, can also yield significant social benefits, including job creation. However, the benefits that have been proven
in these studies are based on the premise that biomass must feed its power into HRES. Namely, the endogenous
motivation holding biomass power stations to join wind-solar power stations for collaboration has generally been
ignored by previous authors.

Generally, biomass power stations receive a substantial income from the local authorities as they can sell reliable
renewable electricity to the main grid [13, 14]. Therefore, a more attractive offer is an initial driver for biomass power
stations to shift their current operation mode, feeding the generated electricity to HRES rather than the main grid
for profits. In addition to a reasonable price, the power transmission amount is another critical factor influencing
stakeholders’ profits. Determining both the price and amount of biomass power is a complex process involving multi-
stakeholders because they need to consider their demand and play with each other by adjusting their operational
strategies to maximize their interests [15, 16]. It could be viewed as a typical Stackelberg game between suppliers
and consumers in a market economy background and transformed into a mathematical form seeking equilibrium
resolution [17]. Bi-level programming, widely used to express the interests of multiple stakeholders, has been proven
to be one of the most potent tools for game resolution in many studies associated with the renewable power trade [18].
For example, Soares et al. [19] expressed an interaction between an electricity retailer and the consumer through a bi-
level optimization model, where the leader determines the pricing scheme for benefits maximization, and the followers
consider the demand and loads for discomfort and electricity bill minimization; Hua et al. [20] proposed a multi-energy
pricing bi-level method for a biogas-solar renewable energy provider with heterogeneous consumers to interactively
and dynamically determine the internal trading prices for optimal multi-energy trading between the provider and
consumers. While bi-level programming presents a reliable capacity to solve pricing games revolving around the
relationship of supply-demand in the electricity trade, there remains a gap in understanding how game theory can
be applied to address specific problems faced by solar, wind, and biomass operators with individual expected goals.
Furthermore, no study in this field tried to incorporate technological, economic, environmental, and social equilibria
into game models and explore the interplay between these factors.

To fill the research gaps in the deployment and operation of hybrid wind/solar/biomass system, this study propos-
es a Stackelberg-based biomass power trading framework for a biomass power provider and operator of wind-solar
power for reliable renewable electricity delivery, economic benefits, carbon reduction, and social value achievemen-
t. First, critical problems are recognized in deploying and operating the new HRES, after which a bi-level multi-
objective dynamics model is developed to simulate these operation and business activities, maximizing technological-
economic-environmental-social benefits for each stakeholder. And then, a kit of solving algorithms that integrates the
e-constraint method and Karush-Kuhn-Tucker (KKT) conditions is developed to seek the equilibrium result of these
problems. Finally, the proposed method is applied to a practical case to demonstrate its applicability, where basic con-
figuration and hourly dispatch over the whole year is presented, and scenario analyses related to the natural resource
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uncertainty, feed-in electricity pattern, and economical instrument are carried out by adjusting associated parameters.
Over the discussion, propositions, and suggestions are made for all stakeholders to attain sustainable development.

In contrast to the existing literature, this study provides a tailored operations strategy involving multi-stakeholders
with a more holistic perspective through problem identification, approach formulation, and practice application. The
novelty goals are fourfold as represented as follows: (1) Building a collaboration strategy to integrate biomass with
wind-solar power, which is a hybrid energy system fueled by 100% renewable energy, meaning an effective response
to the fundamental restructuring of the traditional energy system. (2) developing a bi-level multi-objective dynamics
model provides a comprehensive decision-making tool that simulates the power generation process in their operation
period respectively and explores endogenous drivers, that is, biomass power trade game with flexible pricing. (3)
designing a feasible solving algorithm to find reasonable prices and trade amounts of biomass power, which achieve
a mutually beneficial outcome for each stakeholder from technological, economic, environmental, and social per-
spectives. (4) Conducting a case study to prove the advantages of the hybrid solar-wind-biomass energy system,
demonstrate the feasibility and applicability of the proposed model and give practical power trade and dispatch s-
trategy guidance from economic, technological, and societal perspectives for the stakeholders. To sum up, that is a
systematic optimization paradigm, including power generation to mixed power dispatch planning, which is expected
to be a reference for the potential user in other geographical locations.

2. Key problem statement

Before the model simulation of the HRES deployment and operation, critical problems should be recognized
and summarized in three aspects, as follows; (1) dealing with uncertainty caused by intermittent wind-solar power, (2)
considering game activities in bioelectricity trade, and (3) addressing adverse effects of seasonal harvest characteristics
of biomass feedstock. These tailored solutions are depicted as Fig. 1.
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Figure 1: Development and application of the methodology
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2.1. Methods to handle uncertainty of wind-solar resources

As shown in the upper part of Fig. 1, renewable power outputs of wind turbines and photovoltaic (PV) arrays
change as long-term seasons and short-term weather increase main grid vulnerability [21, 22]. Even though natural
complementarities among these renewable energy sources allow them to contribute more steady power output com-
pared with a single source, the limits of HRES still exist in many scenarios; for example, summer nights or windless
and cloudy days in winter do not have enough energy to drive the equipment for power generation. Integrating a
storage system into the HRES has been characterized as adjusting capacity to output constant power by introducing
fuel cells or constructing a hydropower station [23]. However, the repeated charging and discharging of batteries
can lead to a discount in service life as well as rated capacity, and the laying batteries require a large amount of
land surrounding the power equipment, and the chemical fuel used to make them may cause environmental pollution
and safety threats. Besides, not all regions are suitable for hydropower station construction; forced construction can
cause damage to local ecology, mainly geological and hydrological conditions. In addition, fossil power generators
with controllability advantages are considered robust supporters of power supplements in case renewable resources
are unavailable. But it is not to be ignored that fossil power generation contradicts the vision of sustainable develop-
ment, which is an unsustainable development option. As a result, the research community has shifted its research to
biomass. Because waste is considered to be steadily available throughout the year and can act as a continuous energy
storage buffer [24]. The study thus proposes a wind-solar-biomass complementary approach to alleviate the schedul-
ing pressures in renewable generations under a given demand target. The assessment covers the typical day data of
each month in the whole year, which can cover most of the operation’s regular and episodic weather occurrences and
achieve a trade-off of economic and environmental benefits.

2.2. Stackelberg-based trade game to support biomass joining

A trading mechanism with a reasonable price helps to reach the collaboration of operators of a biopower and
solar/wind energy system. The bio-electricity supplier will be attracted to trade their power with the HRES once its
operator offers higher power prices; otherwise, they will spontaneously deal with the main grid as before. Therefore,
there would arise a challenge in the interaction process between the demander and suppliers, where each participant
strives to maximize their benefits. More details are shown in the middle part of Fig. 1; wind-solar hybrid system
operators determine the agreed total power output to the main grid, after which they purchase an amount of biomass
power through trading to counteract instability caused by varied natural weather conditions. Meanwhile, in response
to expected demand, biomass power stations will design their waste-to-energy plan for power demanders on time.

A game theory-based mathematical model involving the price and trading volume game for biomass electricity
is introduced and applied to simulate these complex activities in biomass-integrated HRES. The entire system can
be viewed as a one-leader multi-follower Stackelberg game, where the demander (operator of HRES) and providers
(Biomass power stations) act as leader and followers, respectively. First, the HRES operator will propose an initial
offer including the price and volume of electricity purchased based on its output of wind and photovoltaic electricity
for each period, taking into account the electricity demand in the market; subsequently, the biomass power station
as followers will compare the offer with the subsidies granted by the main grid, given the objective of maximizing
its operating profits, and pose responses about the distribution of waste disposal and electricity sold. Further, the
decision of followers may disrupt the goals of the operator of HRES, such that the operators commensurately make
feedback by adjusting their disposal and production plans again. This is an interactive non-cooperative game because
all providers and demanders are generally self-interested and strive to maximize their objective benefits during power
trading. After a finite number of n games, the final equilibrium solution acceptable to each participant in the energy
market can be found.

2.3. Storage strategy for seasonable waste collection

Biomass power stations deploy various biotechnological or chemical techniques based on different waste charac-
teristics to produce biofuels such as methane and hydrogen and generate electricity as the end-of-energy product using
combined heat and power [9, 10]. Agriculture waste, mainly straw and livestock manure, and kitchen waste in urban
areas have been identified as major waste sources with great potential for power output [25, 26]. As mentioned by the
bottom part of Fig. 1, in addition to the monthly changes in kitchen waste generation, straw has a strong seasonality
because it is closely related to crop stationing and harvesting. Namely, the straw waste substrate is just collected in
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the Autumn, which is quite different from the annual power demand. Besides, the yearly collection amount of straw
is considerable, and its contribution to the biomass power sector cannot be ignored.

This study, therefore, introduces a storage strategy where the warehouses allow a reserve of straw waste generated
to prepare for electricity conversion in the future. This strategy requires a certain economic expense, including storage
and transportation. Still, its added value is also identified, such as more waste being recycled rather than directly
incinerated. More flexible power output can be achieved because the decision-maker can call up the required substrate
for power generation. Dynamic planning allows the decision maker to utilize each type of waste substrate based on
the power generation demand for the best waste resource utilization and operating profit.

3. Modeling

In this section, the bi-level multi-objective (BLMO) optimization model is discussed at the mathematical level
considering the economic, technological, environmental, and social aspects for each stakeholder.

3.1. Leader’s objectives

The technical-economic-environmental-social objectives chosen for designing and operating HRES with dispatch
strategies involved with biomass power trading are described further below, where unmet load rate (ULR), net profits
(NP), carbon reduction (CR), and job creation (JC) are used as assessment indicators respectively.

Technological objective. A reliable power supply is essential for power-using security both for residential and
industry, especially for hybrid energy systems supported by natural sources [27]. As stated in the key problem state-
ment of this paper, wind, and solar power have unsatisfactory power output in many cases. Even though the scheduling
center could regulate real-time peaking in the grid, frequent intermittent variations inevitably threaten the main grid,
increasing vulnerability. Unmet load is normally used to assess the technical performance of a proposed system [12],

KT
shown in Eq. (1). Let ULy, is daily unserved load value at time ¢ in month k and }’ , OD,ft refers to the daily agreed
k1

feed-in power. L; refer to the days in month k. Therefore, the technological objective is assessed by minimizing
annual ULR to guarantee that the real supplied power does not deviate much from the agreed output.

ey

Economic objective. The net profits are the most critical indicator for operators to evaluate whether the current
deployment of HRES is economically feasible. It shows the annualized cash flow from HRES deployment and oper-
ations, including electricity trade net income from the main grid and biomass power stations, and the initial capital
and operational and maintenance cost for each component [28]. First, because of the renewable energy generation
incentive policy, these operators could be rewarded with a certain subsidy granted by the central government above
the benchmark electricity price [29]. Let p*, p*, and p” represent the unit subsidy for wind power, solar power, and
biomass power; the amount of various renewable sources in station i, j and r could be calculated as QZfES, QkHJfES and
erfES . Here, biomass trading activities exist because biomass electricity that injects into the main grid is purchased
from biomass power stations instead of being self-produced by HRES. This requires the upper operator to pose an ac-
ceptable offer (p”* CNY/kWh) to purchase, and the net profits related to the trading game should be Q]’;’fES -(p?=pP).
In addition to revenue, the penalties item should be considered in net income accounting if the agreed power has not
been met, equal to the product of the amount of the unserved load (ULy,) and the unit fine f [30]. Further, the initial
capital cost for each component is determined by the installed capacity [31]. The capital cost of construction and
replacement for the unit equipped with a certain capacity is A + B! and A% + B}, and the number of wind turbines
and photovoltaic (PV) arrays are n;"** and n_‘/‘.“a" respectively. So, the annualized capital cost during the lifetime (77"
and T is calculated by introducing the capital recovery factor [32], expressed as % -+ % : n‘}‘a"
Finally, operation and maintenance cost is positively correlated with the number of equipment started in the current
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month k, which is obtained by C}" - g, - n; + C - g - n,ij [29]. To sum up, the objective function for the net profits

(NP) is collated and expressed as follows.

K T[1 J
MaxNP= S LS| 00E b SOl s
k t L j

QUHRES . (ph — pb*) = ULy, - f]
2

=~ ~DM=

+
I | | K S.ps K
A +B; max w, W w Aj+B; max s, 8 s
-2 (T’.".CRF(J) T Zk: C a1 — Zj: TCRFGn, ' + zk: Cl i T

Environmental objective. Renewable energies have been characterized as clean and zero-carbon emission, which
means that if used to replace traditional fuel could reduce CO, released into the global atmosphere [29]. Therefore,

K T (I J
the total reduction of carbon emission over the study period could be calculated as @- Y, Ly - 3. (Z AR WA ),
k t\i J

where the @ is the average carbon emissions parameter for the coal burning generation process from the main grid.
In addition, the carbon emission could be captured in the solar/wind power station, mainly resulting from the con-
struction and production stages (84.92%) [33]. Carbon emission intensity is usually used to measure environmental
performance in short/mid-term research, which expresses the carbon emissions associated with all life cycle stages of
the solar/wind farm per unit of electricity production during the life cycle. Carbon emission for wind/solar power sta-
tions could be accounted as w; - QFRES + ¢, - kH]fES , where the w; and w; denote emission intensity level of station i
and j respectively. To sum up, the total carbon emission reduction could be expressed as Eq. (3) over the study period.

K T (1 J K T (1 J
MaxCR=w- ) Li- Y | ) OffES +ZQ,{§$ES]-ZLk.Z[ wi- O + 3w OIS | 3

k T\ j k T\ j
Social objective. Even though the social benefits are not discussed as much as tech-economic and environmental
objectives in existing literature in the renewable energy field, it has been recognized as an important indicator for
sustainable deployment framework [29, 34, 35], in which job creation is the most significant aspect for commercial
power stations [36]. Therefore, in this paper, the number of accrued local jobs are employed to express the social
benefits of wind-solar power stations in which those positions are created to support power station construction and
daily operation and maintenance. Ref by Dufo-Lépez et al. [37], if the JC; and JC; are the numbers of jobs created of
the unit wind turbine with a rated capacity in station i and unit PV array in station j respectively, the total job creation

could be accounted by Eq. (4).

Max JC = n™ - JC; + nf™ - JC, )

3.2. Leader’s constraints

Constraints for each component are given in this subsection to express intrinsic limitations in the power output
and trade.

Wind power output. The output characteristics of wind turbines mainly depend on wind speed. Referring to
Wang et al. [29], power generation via wind turbines could present four statuses. If the real speed rate (v; (¢)) is lower
than the cut-in speed vf” that is not enough for the turbine’s operation, the output of the station i is O at time 7. If the

real speed rate is ranged at the available range [vf”, v{“], the unit output must be below its rated power, expressed as

W v(r)—vf”

sta - yra_yin
rated wind speed. If the wind speed exceeds the rated speed of the wind turbines but is below the acceptable maximum
speed at time ¢, the power output could reach the rated power output by adjusting the orientation of the wind turbine
i. Finally, if the wind speed exceeds the cut-off wind speed of selected wind turbines (v{*), the system will turn off to
protect the equipment. The above is the maximum value of electricity that can be converted per unit of wind turbine

where gy, is the rated energy of a turbine at the time ¢ (kW) determined by the hub height and length, v is
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for a given wind condition, as the right side of Eq. (5), while the real power uploaded QffRES js determined by the

operator of wind power station i comprehensive based real wind condition and economic return, where n}; is the actual
number of wind turn-on turbines in month k.

0 vi (1) < v or v; () > v
HRES vi(D)—vi" ;
Qe S N Qg po= Vit <y (1) <V 5)
n e Qg Ve < v (1) < v

Here wind speed is usually measured at the height of the anemometer, but the power output of the wind turbine is
calculated to be the wind speed at the height of the hub. So wind speed is further refined by v; () = v?(t) . (%)g [38],

where v; () and v?(t) are the speeds at the height of the hub and anemometer, and /4 and A are the height of the hub
and anemometer, g is a coefficient often set as 0.143.

Wind turbines limits. Eq. (6) guarantees that the number of turbines turned on at ¢ time does not exceed the
number of turbines installed at location i the beginning of the plan [39]. Due to technical constraints, the total output
of the turbines at location i at time ¢ should range in their available power range, which can be guaranteed by Eq. (7)
[29].

nl < nm (©)

N;nm S QZ[RES S N;nax (7)

Solar power output. The photovoltaic arrays absorb solar radiation and convert it to electrical energy. Solar
power generated mainly depends on solar radiation and ambient temperature [40]. Referring to Li and Qiu [41], let ",
be the photovoltaic arrays to be operated at solar site j at time #, and its rated power output refers to ¢3,,; S s, denotes
the solar irradiation in standard test conditions (generally as 1 k<W/m?) and using S, Jr expresses real observation value
for solar irradiation in unit PV panel in the current time-step; Let Ty, and T, be the actual air temperature at the
photovoltaic power station where the solar modules are operating and standard temperature settled in the laboratory
surrounding respectively, as well as 7 is the temperature coefficient of the power output of solar cells, considered at
~0.35%/°C. Similar to wind power output, therefore, denote Qf'X** is the amount of electricity injected into the main
grid by station j, its relationship with the output of solar power could be expressed as Eq. (8).

Sk
HRES _ 3
ijl = Yj Dsta S . [1+T (Tkjr - Tsta)] (8)

Photovoltaic arrays limits. Eq. (9) guarantees that the operated arrays at time ¢ do not exceed available arrays
installed in the solar site j; Further, because of the technology limitations, the total output amount for the site j at

time ¢ does not exceed the maximum rated power output and does not lower the minimum value of it, which could be
assured by Eq. (10).

nk] < nmax (9)

Nmm < QHRES < Nmax (10)

Power balance for agreed power feed-in. The main grid will not choose to hoard power that is beyond the
agreed received amount, nor will any private sector [42], which means that the operator would not deliver excess
power above the agreed amount without revenue. Eq. (11) presents the hourly power balance between the agreed
output, real wind/solar and biomass power output, and unserved load amount.
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ULy + ) OffES + ) OFFES + %" 0IFFS = oDf; (11)
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Agreed output power constraints. While grid-connected HRES is becoming increasingly popular worldwide, it
cannot yet support the region’s load demand on its own, a large proportion of which is supplied by other nonrenewable
energy [43, 44]. Therefore, Eq. (12) guarantees the objective limits that the agreed amount (ODfl) does not exceed

the total load demand (Tﬁ,f,).

ODE < TD,, (12)

3.3. Followers’ objective

Biomass power stations affiliated with Municipal Sanitation Group are responsible for waste clean recovery to
produce renewable biomass power. Because of the stable collection rate of waste and the advantage of predictability,
operators could coordinate their production plan to feed in reliable power. Therefore, they, as a follower in this bi-
level game, will try to optimize their operation activities of biomass power generation for net profits, carbon emission
reduction, and job creation maximization.

Economic objective. Net profits could be calculated by Eq. (13), which includes income from electricity trading
and waste management, expenditure on waste collection and inventory, and an initial investment and daily operation
cost in generator facilities. For electricity trade, the upper decision-maker would pose the unit price of p”* to purchase
the amount of biomass power QRES and the main grid would provide the subsidy p” to accept the extra biomass

krt
power Qﬁf; ; the station could also obtain certain management fees for waste m, the local authorities determine that

Mo
and then paid to generators, which could be represented as ), QZi(’") - MR™ in operate period k [42]. Meanwhile, waste
m

collection, inventory, and power conversion require capital support from operators [45]. The cost of transporting waste
depends on several aspects, such as the transportation mode, distance traveled, the quantity of waste transported, and
the actual routes taken by the vehicles. Generally, the waste collection area and the route traveled are fixed, while ,Ehe
daily quantity of waste transported varies during operation. Therefore, in this study, the transportation cost(ﬁm(d.,))
per unit flow of waste, including transportation and loading/unloading costs are used to multiply the daily collection
amount(QZ"r(’")) of waste m in month k for simplified the cost accounting without compromising objectivity [46, 47].
In addition, the waste that is sent to biomass power stations but is not treated in the current period will be stored
for future power generation, which would generate several inventory fees. Inventory holding costs are calculated by
multiplying the unit holding cost with the storage quantity at the beginning of each period in many models considered
storage decisions and then summing the cost in the consecutive periods of the planning horizon. Different inventory
holding cost parameters can be assumed for different biomass resources and storage systems with a certain capacity
[48]. Therefore, let §}7 denote the inventory amount for waste m in month k, the station r has to pay the holding cost of
g(S .- VC) per day in month k, where VC}" is the unit holding costs for waste m of warehouse held by the operator of
tyly;e station r [49]. The above daily income and expenditure items are multiplied by the number of days (L) each month
and summed to calculate the annual profit amount. The last item caused by facilities operation, similar to the wind-
solar power stations at the upper level, the operator of a biomass power station should be responsible for the facilities’

K
A+BY max b . b
AR % Cy-n.

deployment and waste management and recovery for the whole period, expressed as ~

£ & AHRES  p BP . by L m . oynin) _ AT m(in) _ om m ABE ek S b b
MaxNP. = 3 L +| (5 - p + Q8 p")+ ¥ (MR" - Q™ ~TC"(d,) - Q™ = S31. - VCr)| = [ 255% - +2Cm,
t m r

13)
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Environmental objective. Similar to Eq. (3), saving carbon emission resulting from biomass power generated

K T
could also be obtained as @ - Y, L - X, (QFRES + QB Direct/indirect carbon emission in waste collected trans-
3 7

portation and inventory, as well as biomass power conversion activities, should be recognized, including this objective
function, which is assumed to be proportional to the amount the waste collected [48]. First, Argo et al. [SO] considered
the emission function is linear concerning quantities shipped between nodes, for which carbon emission of a typical
day for transportation activities per waste m could be calculated as ﬁm(d.,.) . kar(m). Second, the holding emission
is generated by the use of utility (e.g., electricity, hot air), which depends on the inventory level and the storage time
[48]. Here, let VE!" denote the carbon emission of holding per unit waste m, and the total emission for holding waste

m could be expressed as S - VE]" for each typical day in month k. Finally, the emission during biomass conversion

T
is dependent on the type of biomass resources and conversion technologies, accounting as DE}" - 3, Q7 . To sum up,
t

the carbon emission reduction for station r could be measured over the studied period by Eq. (14).

K T K M T
Max CR, =@ - Z Ly Z (QFIRES 1 QfFy - Z Ly Z TE"(d,)- Q"™ + S . VE" + DE" - Z or| a4
k t k t

m

Social objective objective. The social objective is set as similar to the upper level to maximize the accrued local
jobs (full-time equivalent for a year) required activities associated with biomass power station r throughout the lifetime
of the study. Jobs created during the construction and operation phases are explicitly considered in this model. First,
the number of job positions to guarantee infrastructure, such as generation facilities (JC£®) and warehouses (JCH?),
mainly depends on the capacity level and technological character of each facility deployed. And then the drivers
needed are positively correlated with the shipped amount [47] because other factors are fixed, like the introduction for
Eq. (13). Therefore, job creation could be measured by Eq. (15).

m

K M
Max JC, = JCT . p 4 JClo - pllommx 1 X" N"T"(@,) - Ly - O™ (15)
k

3.4. Constraints of follower

Biomass power output. Waste substrates are generally processed via two phases to obtain biomass power. First,
from the waste substrate to biofuel, various waste, including kitchen waste, manure, and straw waste, are disposed of
by anaerobic digestion or gasification to produce biogas or syngas accordingly [51, 52]. Let O}’ be the total amount
of type m waste that is used to produce power at station r at time ¢, and VS™% is its total organic matter content
(volatile solids) in the raw material. If )" is the specific gas output efficiency achieved by station r from the organic
matter m (m>/ton), the amount of biofuel would be expressed to Op, - V8™% - 6. Further, these biofuels could
produce electrical power via biomass electrical generation units, where the specific heat energy obtainable from the
raw material is ¢, (kWh/m?). Consider during the hour Az between period 7 to 7 + 1, the relationship among output for

HRES QFRES and the main grid Q5 and waste utilization potential could be introduced by Eq. (16).

I

R
08 VS"% -6y
HRES BP r
rit + rit = At

(16)

Disposal capacity limits. Eq. (17) ensures waste treatment amount would not exceed the rated capacity of the
biogas/syngas generator [53], where an expresses the facilities is operated in month k. And Eq. (18) guarantees that
the operated facilities have been deployed at the beginning.
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Dynamic waste inventory. Eq. (19) expresses waste inventory status to show the relationship between the
collected volume of waste m, inventory amount at the warehouse, and the amount of waste sent to the treatment line
in each period [54]. S7. is the initial storage amount for waste m in the warehouse determined by power station r in
month £, QZi(i") is daily incoming amount of waste m that station r is willing to receive for disposing of in month k
and Q' is the disposed of the waste amount of station r at the same period.

. T
Qn™ -y on) - Ly k=1
kr ' 19

T
m m(in) m
Sk—l,r + (ri - Zl: rif) : Lk k 2 2

Waste flowing limits. Eq. (20) limits that the sum of the waste quantities of received of at each station » does not
exceed the total demand of waste disposed TDZ1 [55].

R
>N <TDy] (20)

Inventory capacity limit. Eq. (21) guarantees that the amount of the stored waste m does not exceed the available
storage capacity in station  at any time [54].

S"<sm <5 @)
Integrate constraint. Eq. (22) guarantees the nonnegative nature of the decision variables.
nynyny, € N (22)

Non-negative constraint. Eq. (23) guarantees the nonnegative nature of the decision variables.

HRES HRES HRES BP i
Ol OIS 0pr™S O3 0™ 0, 2 0 (23)

3.5. Global model

The paper develops a new collaboration mode involving the traditional hybrid energy system and biomass power
stations for more clean and steady power output. The operator at the upper level first determines sale quantities

of wind power and solar power (Q{RES + QkH/fES), after which is proposed the initial purchase quantity (QfXES)

and unit price of biopower (p”*) from the biomass power station 7. Meanwhile, the biomass power stations would
make their waste recovery and storage workload within their capacity constraints, energy balance, and total demand
limits. All generated biomass power would be distributed either send to the main grid (QFF) or the HRES (QFRES),
which could be influenced by the purchase offer with the unit price of p**. Further, the leader will adjust his initial
decisions according to the response from the biomass power station, giving a new operating strategy in solar and wind
power (QRES Q,‘:’]fES ) as well as purchase amount of biomass power with a certain price (Q¥RES . p?*). Finally, the

interaction process stops until all stakeholders reach a consensus or when the equilibrium solution is found [56].

10
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The method seeks an equilibrium of BLMO in which multiple logical decision-makers try to maximize their self-
interest based on their respective positions. This is a complex decision game involving multiple benefits and conflicts.
First, the biomass power integrated wind-solar power stations need to simultaneously minimize ULR and maximize
NP, CR, and JC during the operation period of HRES. The second conflict is between the operator of the wind-
solar power stations and the biomass power stations, which is inspired by the first conflict and because of different
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self-interests. The operator of HRES, who pursues reliability of energy support and other objectives, needs to build
collaboration with the biomass power station, while the profits objective requires decision makers to control the trade
cost in this business negotiation. This is contrary to the intentions of lower-level decision makers because the stations
must want to increase the unit revenue of power products as much as possible for their economic-environmental-social
objectives maximization (Max NP,, Max CR,, Max JC,). To resolve the conflict in this typical Stackelberg game, the
decision-makers need to understand the intentions of others and constantly adjust their own operating strategies until
the proposed mathematical model reaches maximum equilibrium for each decision-maker under the given constraints.
Therefore, the proposed model (shown in Eq. (24)) integrates the power output and trade from various sources,
conflict analyses, and technological feasibility to reach an equilibrium of techno-economic, environmental, and social
benefits.

3.6. Model solution method

The proposed model shown in Eq. (24) represents the goals of the wind-solar and biomass power stations and
reflects their complex mutual relationships. However, BLMO problems are non-deterministic polynomial time (NP)-
hard problems and difficult to deal with, for which the improved e-constraint method integrated with the KKT con-
ditions is used to convert the BLMO into a single-objective, single-level model. The details of this transformation
process are explained in the following.

3.6.1. e-constraint method for multi-objective problem resolution

As the presentation of Eq. (24), there is a conflict in the nature between technical-economic-social-environmental
objectives, which means that the decision-makers cannot find the “best” solution in the decision-making environment.
g-constraint method, which has been proven to be very efficient in multi-objective conflicts, guarantees one objective
to be the ideal value and gives certain considerations to other objectives [57]. In this work, the economic objective is
assumed as the primary objective for stakeholders at each level, while the technological, environmental objective and
social objectives are transformed into the constraint conditions. In actual operation, the main grid has the certain regu-
lation capability to resist risk caused by demand and supply uncertainty. However, frequent and excessive fluctuations
still would lead to the collapse of the power system affecting grid security [30]. Therefore, according to the power
trade and delivery characteristics, keeping the established and actual power delivery volumes for each time ¢ within
acceptable limits can regard the system as reliable. For environmental and social objectives, different decision-makers
have different expectation levels for carbon emission reduction and job creation. So five parameters are introduced to
represent system decision makers’ altitude towards these objectives: £VRL as the highest unmet load bound, % and
£°R! a5 the lowest carbon emission reduction bound of decision-makers at the upper level and lower level respective,
and as well as the lowest bound of job creation (£/€* and £/¢ ). Then the multi-objective model can be transformed
as Eq. (29).

K T
Max NP =)L -},
3

t

I J
HRES HRES HRES b
X QURES . pv 4 3 Q1 p+sz,, (p’ —p*)—Uth-f]
i J
I - K J sps

Al+BY max W W w Aj+B; max s . 8 s
- z[: (T—;acRF(,,T) T+ % ORI R Y B ZJ: TSCRFGp ' + zk: Cj “sia
URL < gVRL, CR > &Rv, JC > &/
Egs. (5) - (12)

(25)
K T
MaxNPr:yk-[;(Q,’;f” P+ QR ”)+2( MR™ . Q"™ _TC"(d,) - Q™ - -vc,’.")]

K
Ab+B) max b . b
N\ n + % C- M

CR, > &R, JC, > £/C!
Egs. (16) — (23)

3.6.2. KKT conditions for bi-level programming resolution
Ben-Ayed and Blair [58] proposed that the simplest game would become difficult to solve upon being involved
with bi-level programming. To solve it, many meta-heuristics have been proposed in previous research, one of which

12



s KKT optimal conditions is typical transformation mathematical theory widely used to successfully convert bi-level
s problems into single-level problems [59, 60]. The method requires the displacement of the lower-level problem
st with corresponding KKT conditions, which it then appends to the leader-level problem [61, 62]. The proposed bi-
sz level model presents a business game with pricing for biomass power, where the core decision is the biomass power
ss  purchase amount, and other decisions, including wind-solar power output, the waste amount for treatment and s-
sss  torage, and facilities operation, would influence the core decision in this game. Therefore, a Lagrange multiplier
ws U, Uy, Uy, ... Was imported, with g1, g, . g, . ... being the Lagrange function. Once the KKT conditions are satisfied,
ass the conflict between the authority and the KW disposal stations is resolved, and the global satisfaction solution is
a7 found. Therefore, using the constraints method and the KKT optimal conditions, the bi-level multi-objective model

ass  was transformed into a single-level single-objective model in Eq. (26).

K T
Max NP =} L; -},
k 1

I J
SOU pr+ LU e £ (- ) - UL
! J

I v y K J s S
AY+BY max wow w A+B; max S8 s
—;(mnl T 2C —Zi TRCRFGn " +%Cj'qsm'”kj
URL < 8URL CR > SCRu JC > SJCu
ag0(QIRES . Q1™ b ) R ()

+ 1 . + 1 agkn(QzRES QZ)[) — O
kHRLS r 6QHfL‘S kr[ QHkLg -
rt
S ym m(in) " m(in) m(in) ~m b
ag(:(QﬁfLs’ rtLier ’”Zz) rul. ‘98,]-( S O Qi )+u1 g, (QPRES gm. T2 6glmn(Qk an) +3 _ﬁg}z,m,(Q,'fr,,nf{,) -0
3y r 30T rt © 30T Wierm * 30T Werms agu
e ymin) ) m(in) n(in) m(in)
’3gr(QZI;FS QO "2,) 1 681(@7[:” Qk’rr Oy ) 2 3gT(Qla ) 1 gkm(ri ) 2 ﬁgkrm(Qk le) -0
20" +u, - Q™ u, - Q™ U aQr™ W Q™ =
kr
m(in) '
(QgRES Qk;z Q nf,) +u 3 agkrmr( krt”’ nkr)
Bnlk’r krmt 611”
_ s L a HRES | b+ b MR™ . m(in) TC d m(in) _ ch Ab*'Bb max 8 Cb . pb
—Z k'Z(Qk,, ol p )+Z O, d,)-Q,, : i+ Gl ey,
k

=w- ZLk 2<Q£§’§ES+Q£5> ZLk z(TE (d,)- Qp™ + S VE! + DE}" - ZQk,,) g™

m

— cha .nrrnax +JC£_10 . Ha max | ZZT‘] (dr) Ly - Qm(l") JCI

” k m
VS"%- 6",
gllrt = %}QA—MI rit Q][;IrfES
gim — TDm Z Qm(ln)
T
~ Q" -2 0p) - Ly k=1
gkrm = '

—m T
Sy =Sy —sm - (@M -n o)Ly k=2
t

3 m
‘i krmt ql nkr krt

, KRT . kwm . KRM KRMT s

Zl/tr .gr +Zu" "8y +Zzzukrl.gkrt+22ukm.gkm+zzzu krm gkrm+zzzzuicrmt.gkrmt =0

rl s rl ) 5 k r t k m k r m k r mt

U, Uy, ukrt’ ukm’ ukrm’ ukrmt 20

Egs.(5) — (12) & (16) — (23).

(26)

ss 4. Case Study
a9 In this section, a practical case study from the Qianjiang area, Chongqing city, China, is given to demonstrate the

a1 applicability of the proposed approach. After data collection, processing, and analysis, suggestions are supplied for
sz each stakeholder and potential applier in similar real-life cases.
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4.1. Case representation

With the urbanization in recent years, kitchen waste presents a high daily output value in Chongqing. And,
Chongqing is also one of the seven major grain-producing areas in China. Therefore, there is also a huge potential for
development in agricultural waste utilization [49]. Qianjiang, a district under the jurisdiction of Chongqing Munic-
ipality, is located southeast of Chongqing. The local authority in this area is actively implementing the concept of a
waste-free city, promoting solid waste “reduction, resourcefulness and harmlessness” from the source, and playing a
demonstration role in promoting the green development of the Yangtze River Economic Belt [63]. In addition to a lot
of advanced biomass power stations with advanced waste resource recovery equipment, local governments have also
actively deployed photovoltaic projects and wind power projects for renewable energy development. Therefore, this
district is chosen to take a case study in this paper.

e Ce N A

-

- 5

Vg Biomass power MW)
3 ; —— ;

A

Solar gower station— (100 W)

Figure 2: Case study location

Fig. 2 presents an overview of HRES components and the Qianjiang district. A biomass power station is located
at Zhengyang industrial park in the center of the district covering an area of 13.9 km?, where the total rated power of
generators reaches 15 MW and an annual operation time of more than 8000 hours. A 100 MW solar power station
is located on Qilin mountain, Qianjiang District, and is the first large-scale alpine power station in Chongqing. The
project deploys 300,000 PV solar panels and covers an area of 1.22 km? at an altitude of nearly 1,500 m. On another
mountain named Wufu, between 1,350 and 1,610 meters above sea level, wind turbines of the mountain type are
installed, with a total rated power of 80 MW, comprised of 23 wind turbines with a power range of 3.3 MW to 3.6
MW.

4.2. Data collection

Before conducting the case study, relevant data for natural conditions and each component were collected. The
typical hourly solar irradiation on Qilin mountain each month is shown in Fig. 3(a), which is collected from the
GLOBAL SOLAR ATLAS website [64]. The typical hourly wind speed data were collected from the wind survey
station on Wufu mountain and are shown in Fig. 3(b). The daily average waste generation potential and typical hourly
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power demand are presented in Fig. 3(c) and (d) from annual reports of the local ecological environment and power
supply bureaus in 2021.
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Figure 3: Typical daily irradiation, wind, waste potential and demand load profiles (24h)

The technological-environmental parameters of PV arrays, wind turbines, and biomass generator systems are
introduced in Table B.1. And the economic-social parameters of these components are shown in Table B.2. Because
of the fixed collection scope and route, needed data related to waste collection and inventory could be drawn (Table
B.3) based on the maximum one-way collection distances (5.4, 8.7, and 23.4 km) for kitchen, manure and straw waste,
respectively. According to the notice of wind power feed-in issued by [65], the wind power feed-in price in Chonggqing
is 0.47 CNY/kWh (Zone IV). Similarly, China National Development and Reform Commission [66] determines to
award those stations that use “Surplus power feed-in trade mode” an additional 0.10 CNY/kWh solar power subsidy
on top of the base price of fossil electricity feed-in tariff, a total 0.4964 CNY/kWh [67]. The price for biomass power
is set at 0.6464 CNY/kWh [68].

4.3. Results of basic case

The transformed model in Eq. (26) is encoded into Lingo 17.0 software that presents capacity in dealing with
complex calculation processes [69]. In addition to the collected data, some technological and economic parameters
are needed for solving the model in the basic case, where let the agreed hourly power output is 16% of the hourly
demand load, the price of biomass power trade is 0.7464 CNY/kWh, and unit fine for unserved load between real and
agreed output is 0.8 CNY/kWh. After 42 seconds of processing 2910 constraints with 4871 variables, the optimal
configuration is listed in Table 1. Further, hourly power contributed from solar-wind-biomass power is presented in
Fig. 4.

Table 1: Optimal resolution of the basic case

Objectives Unmet  Annual net profits CO; emission Job Annual power
value load rate (CNY) reduction (Kg) creation fed in (kWh)
Upper level 2.92% 135,284,087.05 80,313,980.92 326.3 526,071,983
Lower level - 140,710,557.20 16,301,859.40 407.0 228,715,916

Waste rec- Kitchen waste Excreta waste Straw waste
overy (tons) 46,774.88 (100%) 146,800 (21.33%) 102,616.50 (34.38%)

“: the contribution of wind, solar and biomass power is 57.37%, 17.12% and 25.51% respectively.
b: Power via HRES feed-in or direct feed-in is 58.68% and 41.32% respectively.

The hybrid wind-solar-biomass renewable energy system could feed in power to the main grid around 526 million
kWh over the year among which wind power contributes above 57 %, and a quarter of the electricity is supplied by
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biomass power stations. The HRES project achieves annual net profits reaching above 135 million CNY. Biomass
power stations, as followers, obtained around 140.71 million CNY per year and generated 228 million kWh of power,
58.68% of generated power feed into the main grid via the hybrid system. Over a long period, the current deployment
could achieve good reliability, only a total of 2.92% of the agreed power has not been met to feed in the main
grid over the whole year. From a social-environment perspective, carbon saving and job creation are value-adds in
renewable energy development. 80.313 million and 16.301 million kg CO, emissions from fossil fuel generators
could be avoided because of wind-solar and biomass power generation. The two stations provide 326.3 and 407 job
opportunities per year. In addition, the biomass power station treats 46,774, 146,800 and 102,616 tons of kitchen,
excreta, and straw wastes respectively over the year, with resourcing rates reaching 100%, 21.33% and 34.38%.

Overview for typical daily power output of HRES
- Spring - - Summer -
100000 p g 100000
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Figure 4: Real monthly wind-solar-biomass power output

Some differences would be observed between months during the study period. Fig. 4 presents a profile of the
hourly power output on typical days over the year. Throughout the year, January, June, August, and December
showed part of the agreed load not be fed, especially in June, when a total of 11.1% of the protocol output was
not met, occurring from 10:00-11:00, 12:00-14:00 and 16:00-18:00. Further, biomass power trade is active in August,
September, November, and December, because the straw waste would be generated after July, which is a high potential
substrate for power generation.

4.4. Validation of Result

Some available real operation data of associated power stations in the Qianjiang area are used to compare with
the optimal results in the basic case (Table 2) for the validation of applicability and efficiency for the developed
methodology. First, the proposed model and solution program are recognized as objectives because the given de-
ployment strategy set is the same as the actual operation of each power station. Further, economic benefits could be
slightly improved under the same operation conditions for each wind-solar and biomass power supplier, proving the
methodology’s effectiveness in HRES deployment and operation optimization.

Table 2: Technological deployment and economic factors by optimization results and real operation data

Levelized profit of Energy

Item Facilities deployment (CNY/kWh)
Wind turbines photovoltaic panels Anaerobic digestion Gasification  Wind-solar Biomass
Optimization result  3.6MW(14)&3.3MW(9) IMW(100) 200 tons (1) &400 tons (1) 600 tons (1) 0.26 0.62
Real operation data  3.6MW(14)&3.3MW(9) IMW(100) 200 tons (1) &400 tons (1) 600 tons (1) 0.24 0.56

4.5. Influence of changing natural resources

The influence of uncertain natural resources on stakeholders is analyzed by changing wind speed, solar irradiation,
and biomass feedstock. Compared with the results of the tech-social performance, the profits and emission reduction
see significant changes in this sensitive analysis, with the results shown in Fig. 5.
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Figure 5: Annual profits and carbon emission reduction for stakeholders

Changes in wind speed are recognized as the main influence contributor towards each stakeholder both in the
economy and environment. When the speed is varied from 80% of benchmark data to 120 % of it, the profit of the
supplier of wind-solar power increases from 112.9 million to 135.3 million, reaching 150.3 million CNY finally. A
similar positive correlation could be observed in solar radiation intensity. But for the operator of biomass power
stations, the rising of the natural resource, including wind and solar, would drop their profits in the operation process,
reducing by 6.17 million and 2.96 million CNY, respectively. The increase of waste as biomass feedstock could
enhance the profits of the biomass power station while posing a slight influence on wind-solar power stations.

Fig. 5(b) shows the emission reduction performance changes as changing natural resources, showing a similar
trend as profits. Noticeably, when the wind speed increases from 80% to the baseline value, the carbon abatement
effect of wind-solar power station increases significantly by 5,562,288 kg, while the rate of the carbon reduction slows
down after the wind speed continues to increase to 1.2 times the baseline value by only 3,365,389 kg. When the waste
collection is increased from 80% to the baseline value for the biomass plant, the emission reduction efficiency is not
significant, only from 16,270,215 to 16,301,859 kg. Still, if the waste collection potential is increased to 1.2 times the
baseline, the emission reduction increases to 16,422,289 kg.

4.6. Influence of different agreed renewable power output strategies

To analyze the technological impact of the agreed output strategies, this subsection simulates both high and low
agreed power output quantities as well as dynamic and constant feed-in patterns. Here, the monthly excess power and
unserved load are compared under two given total power outputs with dynamic and constant feed-in strategies, where
the dynamic strategy requires agreed power deliver varied as hourly demand load, setting as 16% and 18% of demand
load (Fig. 6(a) and (b) respectively); and two constant strategies requires suppliers to feed-in fixed amount to the main
grid per hour, maintained at 61,636 kWh and 69,340 kWh respectively (Fig 6(c) and (d)).

In the lower agreed power output amount scenario (Fig. 6(a) and (c)), dynamics strategies could present lower
unserved load peak with monthly sums below 5 million KWh, but the more frequent compared with the constant
strategy, shown in January, June, August, and December. In addition to December, natural resources, mainly wind
power, would be wasted in each month shown as blue lines. Here the highest excess power is raised in May, peaking
above 17 million kWh in the dynamics strategy and 20 million kWh in the constant feed-in strategy.

Compared with Fig. 6(a) and (c), the operator determined a larger agreed power output with the main grid, the
unreliability of HRES (in Fig. 6(b)) increases when the total agreed power output is raised to 607,418,621 kWh to
meet 18% of the hourly demand load. Especially in Jan, Jun, Aug, and Dec, the HRES is easily influenced, and the
unserved load value fluctuates from 8.2 million to 10 million kWh. And if the constant strategy is considered (Fig.
6(d)), the reliability would be improved in January, August, and December, while the peak amount of unreliability
becomes more in June, and a total of 10.5 million kWh.

17



p=0.6464 p=0.7464

p=0.6464  p=0.7464

p=0.6464  p=0.7464

(a) Lower, hourly variable output (b) Higher, hourly variable output
2.0E+07 2.0E+07
1.5E+07 1.5E+07
1.0E+07 1.0E+07
5.0E+06 5.0E+06
00E+00 ' _ 9—9-—9-¢ ¥ 99679 00E+00 . ® -4 e
c = = c =5 D B
S22<E3528688 frs2g3378828
¢) Lower, hourly constant output d) Higher, hourly constant output
2.0E+07 © y P 2.0E+07 (d) Hig y P
1.5E+07 1.5E+07
1.0E+07 1.0E+07
5.0E+06 5.0E+06
0.0E+00 0.0E+00 i 4 o - e
cC a5 5 >Nc sSs ooan > 9 s 5 = kz}
S2$28§32323862383 S2$28332388283
[—®—Excess power —#— Unserved load  Unit: kwh |
Figure 6: Monthly unserved load and excess power
(a) Leader’s profits (b) Follower’s profits
Lower, hourly variable output Higher, hourly variable output Lower, hourly variable output Higher, hourly variable output
1.6E+08 1.6E+08 1.6E+08 1.6E+08
1.5E+08 1.5E+08 1.5E+08 1.5E+08
1.4E+08 1.4E+08 1.4E+08 1.4E+08
1.3E+08 I I 1.3E+08 I l 1.3E+08 I I 1.3E+08
1.2E+08 1.2E+08 u 1.2E+08 .. 1.2E+08 II

p=0.6464 p=0.7464

Lower hourly constant output

Higher, hourly constant output

p=0.6464

p=0.7464

Lower, hourly constant output

Higher, hourly constant output

1.6E+08 1.6E+08 1.6E+08
15E+08 1.5E+08 15E+08 156408
LAE+08 14E+08 1.4E+08 1.4E+08
1.3E+08 I I 1.3E+08 I I 1.3E+08 I I 1.3E+08
1.2E+08 1.2E+08 126408 WEEW 1.2E+08 I l

p=0.6464

p=0.6464 p=0.7464 p=0.6464  p=0.7464 p=0.7464

[ mf=0.8 mf=0.9 Profits’ unit: CNY Parameters’ unit: CNY/kWh |

Figure 7: Total annual net profit of decision makers at upper and lower level

4.7. Influence of different electricity price strategies

In this subsection, the economic benefits of stakeholders are analyzed by adjusting the price of biomass power
and the fine of unserved load power under different power feed-in strategies. There is a significant difference between
decision-makers at upper and lower levels in power output strategies, in which the operator of HRES at the upper level
achieves more profits if they choose the constant strategy. In contrast, profits for the biomass power station will be
damaged.

In Fig. 7(a), the scenario of the constant feed-in mode with a lower output amount achieves the highest profit, at
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155 million CNY, when the fine is set as 0.8 CNY/kWh and biomass power price is determined as 0.6464 CNY/kWh.
But, if the dynamics high feed-in mode scenario is selected, the profits would drop to the lowest. In that scenario,
if the unserved load fine is set at 0.8 CNY/kWh, 0.6464 CNY/kWh of purchase biomass price would be considered
from the leader’s view for profit-maximizing.

Fig. 7(b) sees the annual profit obtainable from the supplier of biomass power, where the profits would be im-
proved if the HRES chooses the higher power output. And the lowest profit is shown in the scenario that the upper-level
decision-maker determined the constant feed-in mode with a low power amount when the fine is 0.8 CNY/kWh with
the 0.6464 CNY/kWh of biomass power price. And when HRES’s operator chooses the variable power feed-in mode,
it would pose a slight improvement compared with the constant strategy.

4.8. Related propositions

Based on the above analyses, the following conclusions were drawn.

(1) Integrating biomass power with solar-wind power is a win-win strategy for each stakeholder. From a
global perspective, the integration strategy would significantly increase the operation benefits and reliability of the
HRES, which allows suppliers of natural resource power to consider a larger amount of agreed power output. Larger
profits, better environmental performance, and social benefits could be achieved because 25.51% of power as back-up
of HRES could be provided from the biomass power station. Meanwhile, the profit per kWh of biomass power station
could be improved by 0.06 CNY.

(2) Wind speed vary poses the largest influence on profits of the operator of the wind-solar power station.
In this case, when wind speed increase from 0.8 to 1.0 of baseline, the profits could be improved by 19.75 %, and then
if speed continues to increase, the marginal profit is diminishing, but it can still contribute a profit growth of 11.11%.
In contrast, the increased availability of wind power has led to a reduction of 2.71% and 1.61% in the profitability of
the biomass power station, mainly due to the reduced demand for biomass electricity in the proposed HRES.

(3) Power output strategies affect the reliability and resource utilization rate of HRES. The excess power
presented in each period is different under the dynamic and constant output strategies. If the system chooses the
variable feed-in according to demand load, the highest excess power is contributed in May, while in another strategy,
the highest is in July. In addition, higher total agreed power output leads to a lower reliability performance and better
resource utilization.

(4) Pricing of biomass power would directly influence decision-makers’ profits at upper and lower levels.
Compared with the fines on unserved power, the change in biomass power trade price would have a larger influence
on profits requirement. In addition, the level of fines hardly not affects the profitability of biomass power stations.

(5) Constant feed-in strategy is better for HRES, while the dynamic feed-in mode is better for the biomass
power stations. From Fig. 7, the highest profits of HRES are contributed by the constant feed-in mode with a
lower power amount, presenting above 155 million CNY when p = 0.6464 CNY/kWh, f = 0.8~0.9 CNY/kWh. On
the contrary, the highest profits of the biomass power stations are when the HRES chooses dynamics output mode
as varied load demand, reaching 140 million and 147 million CNY when the power price is determined at 0.7464
CNY/kWh for lower and higher agreed power output respectively.

4.9. Application suggestions

Through discussion and analyses, some comprehensive suggestions are as follow:

(1) As a predictable and controllable backup, bioenergy should be integrated into the wind-solar hybrid re-
newable system. As proposition (1) mentioned, biomass power joined solar-wind hybrid renewable system could
improve systematical profits and reliability, presenting more power output to satisfy energy demand and social-
environmental benefits. Therefore, feasible measures such as attractive prices or policies should be explored to ensure
that the collaboration strategy can be implemented in practice. It is worth noting that rice straw, as a highly sea-
sonal waste, is characterized by storability; therefore, coordinating collection, storage, and resource recovery efforts
throughout the year or even across years is necessary to increase bioenergy output.

(2) Reasonable pricing of biomass power should be determined in renewable electricity trading. In the game
shown in the study, collaboration can be reached as long as the wind-solar power station offers a price comparable to
that of the national grid. The biomass power station is willing to export stable power to help the wind-solar power sta-
tion to achieve stable power output. As the price increases, the electricity output and the total profit will also increase.
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Conversely, suppose the price is lower than the national grid’s subsidy price for biomass power (0.6464 CNY/kWh).
In that case, the collaboration will collapse, and the hybrid system and the main grid will suffer both technical and eco-
nomic negative effects. Therefore, a reasonable price that combines the interests of many stakeholders is fundamental
to attracting biomass energy into the HRES.

(3) January and June should be paid more attention to system robustness. Over the discussion in the basic
case and sensitive analysis, it can be observed that regardless of the mode, the system failed to achieve the established
output at certain times in January and June. In addition, the system operator needs to make targeted adjustments
regarding the power output agreements during these two months to provide the main grid with the opportunity to
react to ensure the security of the main grid. In addition, some months can be problematic due to the impact of
different agreements. For example, under the variable output strategy, the system will also be less reliable in August
and December. And if the total output is decided at a higher level and a constant output mode is adopted, the system
stability will be affected at some moments in April.

(4) Operators of HRES should feed in the constant power output to the main grid per hour. That strategy
could achieve more profits compared with a dynamic output agreement that varies with fluctuations in load demand,
even though the total amount is the same. Moreover, if this model is chosen to supply the market demand, the total
annual output power can be increased based same expected profits.

4.10. Comparison of results with previous work

Absolute justified comparison between studies is difficult because exact matching of configuration, load, and de-
sign parameters is not always possible. Therefore, comparing the optimal HRES results of the basic case with previous
work is performed based on a similar configuration. Before the comparison, some common indicators were selected,
and certain results were processed for some studies. Table 3 sees considerable reliability of the HRESs proposed, in
which ULR could control below 4%. For economic items, because of different power generation amounts, research
boundaries, and different subsidies implemented in each country, the levelized cost of energy without power selling
revenue is used to compare economic benefits among these studies. This study presents the best economic benefit
in power generation compared with existing literature with the highest power generation level. Correspondingly, the
HRES proposed in this study saves the highest carbon emission because of the clean advantage of renewable energy.
In comparison to studies of HRES fueled by 100% renewable energies, the present study’s levelized cost of energy
and reduction potential on carbon emission is better than Aziz et al. [70] and [71]. And reliability provided by the
present study is higher than Li et al. [71].

Table 3: Comparison of the present study result with previous work

Hybrid renewable system Total power Renewable Unmet Levelized CO, reduc-
Ref. Country . . .
generation fraction load rate  cost of tion
energy
Basic component Back-up kWh/yr (RF%) (ULR%) $/kWh kg/yr
Saiprasad et al. [72] Australia  wind-solar Li-Ion battery 5,006,840 75.68% N/A 0.085 97,467.00
Bekele and Tadesse [73] India wind-solar-hydro diesel generator 255,650 95.00% 1.50% 0.108 42.,720.48
Aziz et al. [70] Iraq solar-hydro battery 234,267 100.00% 0.44% 0.070 49,547.47
Lietal. [71] China solar-biomass battery 699,545 100.00% 3.57% 0.240 1,297,174.00
Ahmad et al. [74] Pakistan ~ wind-solar-biomass  fossil electricity 67,727,923 88.00% N/A 0.053 19,976.61
Sawle et al. [75] India wind-solar-biomass  diesel-battery 73,109 96.82% 1.76% 0.195 N/A
Jia et al. [76] China wind-solar biogas compressor 500,300 82.24% N/A 0.067 138,541.00
Present Study China wind-solar Biomass 526,071,983 100.00% 2.92% 0.040 80,313,980.92

5. Conclusion

Global economic development, growing total energy demand, and environmental concern triggered renewable
electricity development. Electricity robustness needs to be focused on increasing renewable electricity because of the
inevitable Intermittent of natural resources. Biomass resource as backup integrated HRES has been recognized as
an efficient option for this problem, while the driver-contributed biomass to join HRES for integration has generally
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been ignored. Therefore, this study developed a Stackelberg-based biomass power trading framework for suppliers
of multi-renewable powers to ensure that reliable power can eventually be delivered to the grid. In the framework,
the operator of the wind-solar power station is a leader in purchasing biomass power at certain prices and determin-
ing their power generation for stable agreed power output and profit maximization; the biomass power station, as a
follower, determines its operation strategies from waste collection to inventory and conversion, and trade distribu-
tion to achieve more operational profits. To simulate these operational strategies, a bi-level multi-objective dynamics
optimization model was proposed to examine the specific relationships and activities of all stakeholders regarding
technical feasibility, economic benefits, environmental sustainability, and social value in this hybrid 100% renewable
energy system. Finally, the biomass power trading framework and optimization method were successfully simulated
in solar-wind-biomass HRES in the Qianjiang area, Chongqing City. The results demonstrated the effectiveness of the
proposed methodology. Levelized profits of energy reach 0.26 and 0.62 CNY/kWh for wind-solar power and biomass
power, increased by 0.02 CNY and 0.06 CNY compared with real operation data. The sensitive analysis found that
wind speed is the main influence factor in the operation of an HRES because it accounts for 57% of total power gen-
eration. In addition, different feed-in modes chosen by HRES’s operator achieve different annual profits even though
the total generation amount is the same, where the largest difference is expected to reach 11 million CNY.

To sum up, the main contribution of this work could be summarized as follow: (1) The biomass power trade
game-based collaboration strategy guarantees the multi-renewable power integration for the reliability of HRES and
utilization of natural resources; (2) the developed bi-level multi-objective optimization model not only allows deci-
sion makers to conduct optimal deployment respectively but also considers the effect of biomass power distribution
on their own interests; (3) an efficient solving algorithm is capable of finding a mutually beneficial outcome for
each stakeholder from the perspective of technological, economic, environmental and social perspectives; (4) suc-
cessful application of methodology in the practice area provides a systematic optimization paradigm for optimization
deployment of HRES fueled by 100% renewable energy, where exploration of the influence of biomass power join-
ing, natural resource uncertainty, electricity price change, feed-in mode chosen on HRES deployment and operation,
presents valuable proposition and suggestions as reference for the potential user in other geographical locations.

With the advantage of being flexible, this model allows users to determine the time period and starting point
according to the practice case. In this study, the case spans a year-long starting in January, perfectly suited to the
operational characteristics of HRES, especially those of wind and water resources. However, biomass resources,
especially straw waste, are highly seasonal, and he will produce a large amount at a certain time period, so the
subsequent ones may carry out a comparative case study with different starting times to analyze the impact of the
generation time of biomass energy, on the operation of HRES throughout the year. In addition, this model sets the
transaction volume as the decision variable and selects two different transaction prices for calculation and comparison
in the sensitivity analysis. Afterward, transaction price and volume can be considered decision variables, so the
constructed game is freer and more flexible. This involves nonlinear programming, which requires more complex
solution procedures for subsequent analysis.
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Appendix A. Notations

Indices:
i : Wind power station index, where i = 1,2,--- ,1
J Solar power station index, where j=1,2,---,J
r Biomass power station index, where r = 1,2,--- ,R
m Waste type index, where m = 1,2,--- , M
k Month index, where k = 1,2,--- , K
t Time period index, where t = 1,2,---, T
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Uncertain parameters:

Initial investment cost of unit wind turbine in station i, photovoltaic array in station j
and biomass generator in station r

Replacement cost of a unit of wind turbine in station i, photovoltaic array in station j and
biomass generator in station r

Operation and maintained cost of unit wind turbine in station i, photovoltaic array in station j
and biomass generator in station r

Discount rate for station i and j

Number of days in month k&

unit management revenue for waste m

Maximum number of wind turbines, PV arrays, biomass generators and warehouses

that can be operated

Lower bounds and upper bounds in power output of wind power station i

Lower bounds and upper bounds in power output of solar power station i

Unit subsidy for wind, solar and bio power respectively

Rated wind power output of a unit of wind turbines within rated wind speed range

Rated solar power output of a unit of photovoltaic array under standard test condition
Lower bounds and upper bounds of waste disposal capacity in station r

Actual wind speed at the height of hub at site i in month k at time period ¢

Cut-in, rated and cut-out wind speed of the turbine

Actual solar radiation and ambient temperature at site j in month & at time period ¢

Solar radiation and ambient temperature under standard test condition

Initial storage amount for waste m in station r in month k

Lifespan horizon for wind power station 7, solar power station j and biomass generator in station r

Average transportation emission per ton waste m by station r

Unit cost/carbon emission of holding per ton waste m for one month in station

Unit carbon emission when unit waste m is treated in station r

Numbers of jobs created if the unit wind turbine with a rated capacity in station i and unit photovoltaic arra
Labor demand of waste facilities and warehouse facilities in station r with certain capacity

The number of drivers needed to transport unit waste m in the area responsible for station »

Total organic matter content (volatile solids) in waste m

Unit carbon emission per kWh power from fossil fuel, wind turbines, and photovoltaic array respectively
Temperature coefficient used in solar power generation

Biofuel conversion factor from waste m of biomass power station r

Biomass power production factor of power station

Power supplier’s attitude parameter towards generation reliability

Total lower bounds and upper bounds in storage capacity in station r

Highest unmet load bound determined by operator of HRES

Lowest carbon emission reduction determined by operator of HRES/biomass power station

Lowest jobs creation determined by operator of HRES/biomass power station

—~—E
TD,, :  Residual loads at period time ¢ in month &

TDZ1 :  Daily amount of generated waste m in month k.
ﬁm(d.r) :  Average unit transportation cost

Decision variables:
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Purchase price of biomass power determined between operators of HRES and biomass power station
Actual number of wind turbines, photovoltaic arrays, biomass generators that are

operated in month k at time period ¢

Real power output of HRES which is provided by power stations i, j and r during time
period ¢ in a typical day of month k

Power amount that is directly delivery to main grid by biomass power station r during time
period ¢ in a typical day of month k

Daily incoming amount of waste m for station » in month k&

Treatment amount of waste m in biomass power station r at period # in month k£

Agreed load on time ¢ in month k

Unserved load value of HRES at time ¢ in month k

Appendix B. Associated data in the case

Table B.1: Technological-environmental details of various components.

Wind turbine Rotor diameter Hub height Cut-in/out speed Rated speed Carbon emission
174 m 100 m [S, 8] m/s 6.5 m/s 0.02 kg/kWh
Waste type Organic matter content ~ Gas production  Calorific value of biofuels Carbon emission*
Biogas eenerator | Kitchen waste 0.285 400 m>/ton 5.2 kwh/m? 49.69 kg/ton
gus & Excreta 0.164 500 m%/ton 5.2 kWh/m? 47.79 kg/ton
Snygas generator Straw 0.54 1600 m3/ton 1.38 kwh/m? 65.11 kg/ton
Photovoltaic arra STC radiation STC temperature T Carbon emission Main grid carbon emission
¥ 1 kW/m? 25 °C -0.35%/ °C 0.037 kg/kWh 0.215 kg/kWh

Note: * - Carbon content of solid organic matter: 49.74%, 34.67%, and 41.92% respectively [77]
Source from Niu [78], Wang et al. [29], Zhejiang Windey Wind Power Co. [79], Baruah et al. [51], Luo et al. [80], Jia et al. [76]

Table B.2: Economic-social details of various components.

Component Unit rated Available Annual capital and Unit operation and Job creation  Life period

power amount  replacement costs (CNY/yr) maintenance costs (CNY/pm) /[facility (yrs)

Wind turbine 3.6 MW 14 5,787,936.00 84.50 9.72 25
3.3 MW 9 3,410,748.00 84.50 8.91 25

Photovoltaic arrays 1 MW 100 15,853,214.00 84.50 1.10 20
Biogas generator 200 Tons/day 1 4,264,800.00 6.00 73.00 10
400 Tons/day 1 6,397,200.00 6.00 109.50 10

Syngas generator 600 Tons/day 1 10,590,666.67 6.00 79.80 30

Source from Zhang [81], Baruah et al. [51], Wang et al. [29], Xu et al. [13]
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Table B.3: Details related to waste collection and inventory

Waste collection Management revenue Transportation cost Carbon emission 'J ob creation
(CNY/ton) (CNY/ton) (Kg/ton) (jobs/(ton*yr))
Kitchen waste 110.00 (91.98, 101.92, 125.21) 22.95 1.05E-06
Excreta 134.00 (101.34, 122.43, 134.21) 36.98 1.69E-06
Straw 134.00 (109.2,122.12,132.34) 99.45 4.54E-06
Straw inventor Inventory cost Carbon emission Job creation Capacity
Y (CNY/(ton*day)) (Kg/ton) (jobs/yr) (Tons)
Warehouse park 750 (37.82, 38.23,39.91) (47.23, 48.32, 49.56) 360007

“4: Influenced by fuel price and Labour costs fluctuation, the data is collected in the triangular fuzzy number form
and will be processed by the expectation method.
b The warehouse cluster consists of three three-story buildings with a total area of 3772 m?.
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