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Abstract

The growing penetration of variable renewable energy has brought all-round challenges to
the current power system, no matter for the grid infrastructure, market design or the power
producers. The positive and negative externalities caused by the market participators are to
be finer priced and a significant amount of flexibility is to be added to the system, in order to
counter these problems and facilitate energy transition. The flexibility providers range from
dispatchable sources such as thermal generators and gas turbines, interruptible data centers
and electric vehicle clusters, to direct and indirect storage such as battery and hydrogen. The
intermittency of variable renewable energies can be effectively managed combining with these

flexibility providers, and the more expectable output can lead to the more expectable income.

This study investigated a wind-biogas-hydrogen hybrid system, and biogas plays the role of
ramping the system up and down according to different situations. When there is a wind
deficit, the biogas-to-power unit is activated to compensate for the gap; when there is a wind
surplus, the extra power is fed to the biogas pyrolysis equipment and produces hydrogen. To
figure out its performance in the power market, a Supply Function Equilibrium approach for
the day-ahead market is adopted and extended to the active participation in the balancing
market under a two-price settlement scheme. Selling the hydrogen, meanwhile, earns the
system additional revenue from the hydrogen market. Given these settings, twelve scenarios
of operation mode are proposed and their marginal costs are derived. Results show that the
supply function of the system follows the price signal in the balancing market and as well is
determined by the cost of activating the flexibility components. By aggregating the Karush-
Kuhn-Tucker (KKT) conditions from all the scenarios, the bidding price that maximizes the

system profit can thus be obtained.

Key words: bidding strategy, wind, biogas, hydrogen, hybrid system, two-price settlement
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Nomenclature

1 Index of load demand unit, from 1 to L.

g Index of generation supply unit, from 1 to G

t Index of time, from 1 to T

k Index of scenatios, from 1 to K

® Probability of each scenario k

\% Denoting wind, also the wind speed (m/s)

B Denoting biogas, also the inventory of biogas feedstock (MW)
P Denoting power, also the amount of power generation (MW)
H Denoting hydrogen, also the amount of hydrogen production (MW)
S Denoting the wind-biogas-hydrogen hybrid system

ph4 Bidding power of load unit ] at time t in the day-ahead market
PthA Bidding power of generator unit g at time t in the day-ahead market
ek Market clearing price at time t in the day-ahead market

A Aggregate grid imbalance at time t in the balancing market

lz Upward balancing price at time t

l}l Downwatd balancing price at time t

Ct? Upward balancing cost at time t

Ct‘Z Downward balancing cost at time t

e Price (cost) of biogas feedstock

A Price (revenue) of hydrogen

P4 Scheduled power to be generated by wind unit W at time t

c Wind forecast error with a known distribution



RT
PWt

RT
PBt

vi

Actual power generated by wind unit W at time t

Power generated by biogas unit B at time t

Bidding power of the system to handle the grid imbalance at time t
Power input for hydrogen production at time t

Power input for hydrogen production by wind unit W at time t
Power input for hydrogen production by biogas unit B at time t
Profit of the hybrid system in the day-ahead market in scenario k
Profit of the hybrid system in the balancing market in scenario k

Profit of the hybrid system in the hydrogen market in scenario k
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1 Introduction

1.1 Background

Climate change has nowadays raised greater concern and on a global scale calls for actions.
Renewables are expected to take the central role in energy transition and additionally, help
revive economy in a post-pandemic context. International Energy Agency (IEA) set a target
for renewables to account for 67% in total energy supply and 88% in electricity supply by
2050 in their Net Zero Emission scenario (IEA, 2021), while International Renewable Energy
Agency IRENA) further lift the goal up to 74% and 90% respectively in their 1.5 °C pathway
(IRENA, 2021), of which largely made up by solar and wind power. However, the growing
penetration of intermittent renewables has been and will be posing significant challenges on
the current power system, according to IEA (2016). First, the rate that the existing power
lines are upgraded cannot catch up with which the distributed generation units are installed,
given its costly permission and construction process. Second, the difficulty to manage the
power market increases since there are more offerings and bids to be cleared in a shorter
period. Third, the system operators must respond even faster to frequent intermittency-
incurred grid fluctuations incurred by. Fourth, the relevant producers, here wind farms, can
hardly be operated in an optimal mode under regulation. Aside from balancing costs, they are
faced with potential revenue loss due to curtailment or penalties for commitment failure and
activating reserves. Fifth, the marginal-cost-based market design may deter the renewable
investors when the market clearing price is less determined by the conventional producers, as
they have to bear the risk that the high fixed costs may not be recovered by the low electricity
price. All these frictions will make decarbonization expensive and make consumers the actual

payer when pass on to their bills.

In order to pave the way for energy transition, a higher level of system flexibility is to be
attained. Be it through demand response, storage with batteries and electric vehicles, a finer-
grained schedule for delivery or a new pricing scheme. In general, we need to include more

dispatchable sources, interruptible loads and other support that we have better control over



in the network to hedge the intermittency. Particularly, it can be made through sector coupling
by converting energy among electricity, heat, fuels and feedstocks that can be stored in tank
or pipe, green hydrogen for instance. The transport, industry and building sectors will thereby
be decarbonized as more renewables integrated into the power sector, while the power sector

will benefit from a grid with enhanced flexibility.

1.2 Research design

This study aims to propose a wind-biogas hybrid power plant with hydrogen storage, while
instead of water electrolysis, the hydrogen is produced through thermal pyrolysis, with biogas
as feedstock and electricity powered by wind. This wind-biogas-hydrogen model may work
as an actual hybrid plant, or a virtual power plant (VPP) run in portfolio, such that it can
function as a generator, meanwhile a load or a reserve on demand. Based on this model, we
can further discuss how it can participate in markets at different stages and what its optimal

bidding strategy is, especially in a market with schemes as Nord Pool.

Opverall, this study will focus on the following two questions:

1. How to integrate wind power with biogas power and hydrogen production?

2. How can the hybrid system response to market signal and how to model its profitability?

In the next chapter, we will first overview the current design of Nordic electricity market and
its prospect in a few years. Given this layout, we will then go through various ways of hybrid
and methodologies to obtain the optimal bidding strategies. After that, we will introduce the
referential project, Hybridkraftwerk developed by Enertrag AG, of this study. With a basic
idea of how this kind of project works, we can thus integrate the component of our interest,
biogas-reformed hydrogen, into the model. The progress of relevant technologies to date will
be briefly sketched. Chapter 3 will elucidate the mechanism of the hybrid plant, provide the
operation modes on different conditions, set up the problem and build up the mathematical
model accordingly. A Supply Function Equilibrium approach (Buygi et al., 2011; Banaei et al.,
2016; Banaet et al., 2018) is adopted in this model. The conversion of the SFE model will be
conducted in Chapter 4. The value of the parameters in the converted model given all the
scenarios will be further discussed in Chapter 5. Chapter 6 will summarize this study and the

key findings, as well suggests the directions for future research.



2 Literature review

2.1 Market design and the future

Power market in general is characterized by the two Kirchhoff's laws, such that the grid must
be balanced at any given time (Creti, A. and Fontini, F., 2019). To ensure that the supply
always matches the demand, power producers and consumers are coupled in the long term,
through bilateral agreement and in the short term, through market clearance in a pool, either
regional or cross-border. The production and consumption of power, however, on one hand,
are constrained by grid capacity and subject to natural and social-economic variations. The
spatial and temporal deviations are further traded and form the locational or dynamic price
of the power (Lin, J. and Magnago, F.H., 2017). On the other hand, these activities can have
positive and negative impact that are not priced or traded, be it on the environment, on the
grid infrastructure, or on other economic activities that are powered. All these actual and
potential issues continuously shape the values of power, and we need different, well-defined

but also well-integrated markets to address them and minimize the social loss.

To secure the expansion of VRE like wind, institutionally is to establish an effective
mechanism that gives market participators the confidence to recover their costs. It implies
the increase in revenue, the decrease in cost, as well the finer-grained pricing of both positive
and negative externalities that enables more potential commodities to be traded. For instance,
the power supplied by conventional generators is more stable and controllable, and higher
grid inertial also contributes to the overall network resilience, but carbon emissions from the
conventional power sector turns out to be the major climate forcer. On the other hand, the
environmental and economic benefits of VRE like wind is huge, while its intermittency can
as well challenge the reliability of power supply. To propetly price and settle these merits and
costs and optimize the allocation of social resources, we can consider markets that a project
might participate in at different stages of its lifecycle: planning, operation and power delivery,
as is indicated in IEA (2010).



2.1.1 Planning stage design

At the stage of planning, the market participation of a project mainly takes the form of long-
term bilateral contracts. It could be a Power Purchase Agreement (PPA), an Emission
Reduction Purchase Agreement (ERPA), or a Capacity Agreement, corresponding to three
possible commodities: power, Certified Emission Reduction (CER) and the capability to
deliver power when in need. According to IEA (2016), the short-term market sets the prices
of the long-term agreement, and the long-term agreement hedges the risks in the short-term
market. PPA and ERPA shield the buyer and the seller from power and carbon price shock,
and prevent costs induced by uncertainties, while the capacity agreement instead creates
another source of income for the power producer. Regarding carbon emissions, on the
regulation side, taxation is another way to price the externality. Levying carbon taxes on
conventional producers reveals the actual cost of the power and reshapes the status of supply
and demand. Meanwhile, if the tax income is used for support schemes of renewable, or
instead, renewable projects are granted tax credit, then the social resources can be effectively

redistributed to facilitate energy transition.

2.1.2 Operation stage design

At the stage of operation, since the market clearing price in the forward market determines
the revenue stream of the project, to fit the market to distributive VREs, the pricing and
trading is to be conducted at a higher temporal and geographical resolution. Following the
categorization in IEA (2010), for instance, a power market in the North American model is
cleared with a nodal price that constrained by grid capacity, while there is no intraday market
between the day-ahead and the real-time market for further trading of VREs with improved
forecast. On the other hand, a European power model includes the day-ahead, intraday and
balancing market, but follows a zonal pricing scheme, which might lead to grid congestion
with the growing integration of VRE. Introducing intraday market to the North American
model and implementing Locational Marginal Price (LMP) in the European model,
meanwhile scheduling the dispatch with shorter intervals, will better reflect the varying value

of power and better match the changing of supply and demand.

2.1.3 Delivery stage design

At the stage of delivery, the major uncertainties of the power market and grid will be the

deviation in demand, the forecast error of VRE, and grid congestion. The potential imbalance



is to be managed with dispatchable sources, interruptible loads, and the combination of the
two. Fast dispatch is normally provided by capacitors or hydropower, while gas turbines and
thermal or diesel generators can as well be ramped up and down within minutes. Industrial
consumers are usually the object of load shedding, while nowadays with smart meter and
smart appliances, residential consumers can also actively participate in peak shaving and valley
filling. To satisfy both of the needs, there are further options including storage and prosumers.
Energy storage can have various forms. Charging and discharging battery and electric vehicles
(EV) are common ways for direct storage, while indirect storage instead involves conversions
between electricity and heat or gas. Prosumers, the consumers with distributive resources, on
the other hand, can decouple the demand and supply of their own from those of the grid,
and choose to feed in or take out. From the perspective of market design, as is pointed out
in IEA (2016), in order to guide the behavior of these participators, the price signals should
correctly reflect the real-time status of the network. Either in the wholesale market or the
retail market, scarcity should be dynamically priced to engage storage and demand response,
and encourage conservation and efficiency improvement. The cap of scarcity price is to be
set by the value of loss load when load shedding is activated. As for grid congestion, since the
existing infrastructures are still far from reaching the service life, and building new ones takes
time, it can be a long-standing factor contributing to the uncertainty of power market.
Financial instruments such as Congestion Revenue Right (CRR) and Financial Transmission
Right (FTR) can be deployed to hedge the price fluctuation. Meanwhile, a fixed and
transparent tariff for the regulated network should be implemented to cover the costs for

transmission and distribution network expansion, both regional and cross-border.

2.2  Hybrid schemes for optimal operation

To smooth out the volatile output of VRE and cope with the forecast errors, again, there are
three directions to consider when designing a hybrid system: upward adjusting, downward
adjusting and the combination of the two. Thus the choice of flexibility provider depends on
whether the system is to feed in or take out power. For pure power feeding in, the simplest
way 1s to add another dispatchable generation unit, such as a diesel generator or a gas turbine.
At some locations, where wind and solar potentially compensate each other diurnally or
seasonally, their hybrid may also meet this end despite technical complexities. For pure power
taking out, likewise, we can add an interruptible load, a module-based data center, for instance.

A lithium battery or EV cluster, on the other hand, enables the output to go both up and



down, as a combination of the former two functions. Since electricity is the only input and
output, few energy conversions are involved in the process and the loss in efficiency is trivial.
However, currently, the degradation issue of battery makes the high efficiency come with a
high cost, trading efficiency for economic benefit in some circumstances would be a better
choice. With fuel cell, hydrogen or thermal storage, the power can be stored in another form
for long and converted back on demand, despite the conversion loss. However, if the energy
carrier, here hydrogen or heat, even the waste heat, is further utilized for other purpose,
providing fuel or district heating, for example, then the overall process loss can be minimized.
Studies regarding the hybrid options above in general can be put in two divisions: optimal
design and operation strategy, and optimal bidding strategy. The former aims to make the
hybrid mechanisms workable and effective, while the latter focus on how their performance

in the power market can be improved.

2.2.1 Dispatchable sources

For power feeding in with dispatchable sources, Sharma and Bhatti (2011) investigated the
hybrid of wind and diesel, while Maleki et al. (2016a) the hybrid of PV and biodiesel. Bernal
and Dufo (2010) and Caballero et al. (2013) on the other hand, explored the hybrid of VREs
wind and PV. Combining the two resulted in a wind-PV-diesel hybrid system, which is
discussed in Ngan and Tan (2012), Maleki et al. (2016¢), Kazem et al. (2017) and Ramli et al.
(2018). A more common option to add on VRE and hybrid VREs are components that can

both feed in and take out power.

2.2.2 Direct storage

For direct storage with battery, Roy et al. (2010), Li et al. (2010), Mengi and Altas (2012), Han
etal. (2013), and Shu and Jirutitijaroen (2013) studied the battery add-ons to wind; Dusonchet
et al. (2013), Graditi et al. (2014) and Shah et al. (2015), studied the battery add-ons to PV;
Bilal et al. (2010), Rajkumar et al. (2011), Maleki et al. (2015), Maleki et al. (2016b) and Bagal
et al. (2018) the battery add-ons to wind and PV. With additional dispatchable generators,
Howlader et al. (2012) studied the battery add-ons to wind and diesel; Sichilalu and Xia (2015)
the battery add-ons to PV and diesel; and Al-Shamma’a (2012), Zhang et al. (2012), Bilal et
al. (2013), Merei et al. (2013) Bukar et al. (2019) and Fathy et al. (2020) the battery add-ons to
wind, PV and diesel. FACTS devises in the centralized market are also considered to be an

option as can be found in Dawn et al. (2018).



2.2.3 Indirect storage

For indirect storage, Haghi et al. (2010) and Mehrjerdi and Hemmati (2020) studied the
hydrogen add-ons to wind; Assaf and Shabani (2016) the hydrogen add-ons to solar CHP;
Baghaee et al. (2017) the hydrogen add-ons to wind and PV; Ranjbar and Mohammadian
(2014) the fuel cell add-ons to wind; Ahmadi et al. (2015) the fuel cell add-ons to PV; Akyuz
et al. (2012), Ranjbar and Kouhi (2015), Baghaee et al. (2016), Sichilalu et al. (2016) and Chen
et al. (2017) the fuel cell add-ons to wind and PV; Herrando and Markides (2016) the solar
thermal add-ons to PV. With additional dispatchable generators, Vafaei and Kazerani (2011)
and Mendis et al. (2014) studied the hydrogen add-ons to wind and diesel; Maleki et al. (2016d)
the hydrogen add-ons to wind, PV and diesel.

2.2.4 Combination of direct and indirect

For the combination of direct and indirect storage, Khiareddine et al. (2018) and Wen et al.
(2020) studied the battery and hydrogen add-ons to wind; Kamal et al. (20106) the battery and
fuel cell add-ons to wind; Behzadi and Niasati (2015), Bigdeli (2015), Isa et al. (2016) and Ben
et al. (2016) the battery and fuel cell add-ons to PV; Garcia et al. (2013) the battery and
hydrogen add-ons to wind and PV; Torreglosa et al. (2015) Maleki (2018) and Zhang et al.
(2018) the battery and hydrogen add-ons to wind and PV; Maleki and Askarzadeh (2014),
Fathabadi (2017) and Benlahbib et al. (2020) the battery and fuel cell add-ons to wind and
PV; N’guessan et al. (2020) the battery, hydrogen and fuel cell add-ons to wind and PV. With
additional dispatchable generators, Pavankumar et al. (2021) studied the battery add-ons to
wind, PV and biomass; Dufo-Lopez, and Bernal-Agustin (2008) studied the battery and
hydrogen add-ons to wind, PV and diesel; Maleki, A. and Pourfayaz (2015) the battery and
fuel cell add-ons to wind, PV and diesel.

2.2.5 Conclusion

The abundance of literature about the optimal operation of various hybrid schemes suggests
that, adding devices to ramp up and down the output of VREs has already been theoretically
viable and mature, and the devices can be easily modeled as grid components for different
combination. The specific hybrid scheme discussed in this study is not covered in the above
literature, but the mechanism is close to the wind-diesel-hydrogen hybrid model in Vafaei and
Kazerani (2011) and Mendis et al. (2014). On the other hand, using the same feedstock to

produce both power and hydrogen, i.e., to ramp both up and down like a battery, has also yet



to be found in the existing research. Therefore, the hybrid scheme proposed in this study also

blazed a trail that is worth exploring for optimal operation problems.

2.3  Methodologies for optimal bidding strategies

Regarding the bidding strategy, it is in general about how to make decisions on the offering
price and volume given the feedstock and capacity constraints, such that the profit from
selling the power can be maximized. As is discussed above, the market is cleared by matching
the supply with the demand, thus whether a power producer or consumer can enter the
market or not, or how much the power is finally settled to be, depends on the behaviors and
market power of all other participators. Moreover, the change of weather, the deviation of
load, the inaccuracy of forecast method, even the congestion in grid, all contribute to the
market uncertainty. Despite complexity and unpredictability of the whole system, measures

are taken to model these uncertainties and approach the optimal decision.

2.3.1 Optimization approach

Taking the market clearing problem as an optimization problem, such that the social welfare
is maximized, with the participation of VRE, the commonly used methods include stochastic
optimization, robust optimization, and the information gap decision theory (IGDT). A
stochastic approach gives the uncertainties known distributions, a robust approach aims to
maximize the situation in the worst case, and an IGDT approach concerns the satisfaction of
the minimal requirement and the opportunity. These approaches are not necessarily
independent, the robust approach can also be stochastic and the IGDT approach can also be
robust. According to Mirzaei et al. (2020), studies adopted the stochastic approach to model
uncertainties in power market include Nikmehr et al. (2017), Dabbaghjamanesh et al. (2018);
the robust approach include Gazijahani and Salehi (2017) and Ebrahimi and Amjady (2019);
the IGDT approach include Nojavan et al. (2013), Mazidi et al. (2016), Nojavan et al. (2017),
Rezaei et al. (2018); the hybrid of stochastic and robust approach include Liu et al. (2015),
Nazari-Heris et al. (2018).

With specification to wind and wind hybrid bidding strategy, stochastic programming seems
to be a preferable choice. As for stochastic optimization, transforming the model into a single-
level mathematical program with equilibrium constraints (MPEC) and further to a mixed

integer linear programming (MILP) is a common method to solve a bilevel problem. Studies



taken WPP as a price maker include Baringo and Conejo (2013), which applied this method
to a WPP in the day-ahead market; Zugno et al. (2013), which applied this method to develop
a pool strategy; Delikaraoglou et al. (2015), which applied this method for the co-optimization
of the day-ahead and real-time market; Gao et al. (2019), which applied the method to a wind-
EV hybrid system. Studies taken WPP as a price taker include Pandzi¢ et al. (2013), which
applied this method to a virtual WPP; Jafari et al. (2013), which applied this method to a WPP
in the intraday market; Dai and Qiao (2015), which applied this method, also for the day-
ahead and real-time co-optimization; Ding et al. (2015), which applied this method to the co-
optimization of a wind-storage hybrid system; Alipour et al. (2015), which applied this method
to a wind-CHP hybrid system (for the same hybrid scheme, Hellmers et al. (2015) instead
adopted a deterministic method in the Nord Pool balancing market); Aghaei et al. (2015) and
Dolatabadi and Mohammadi-Ivatloo (2017), which applied this method to a WPP integrated
demand response; Laia et al. (2016) applied the method to a wind-thermal hybrid system;
Heredia et al. (2018), which applied this method to a wind-battery hybrid system (for the same
hybrid scheme, Sanyal et al. (2020) deployed a Discrete-Time Markov Process (DTMDP)
method to decide the bidding horizon of a wind-battery hybrid system). Ghavidel et al. (2017)
applied the method to a hybrid system of wind power and compressed air energy storage
(CAES), and Ghavidel et al. (2021) further developed a multi-objective Pareto front solution
for this system to maximize the profit and at the same time improve grid stability and help
manage grid congestion. On the other hand, as for risk assessment, value at risk (VaR) or
conditional value at risk (CVaR) is a common method to manage the risk incurred by wind
intermittency and spot price fluctuation. Other methods include unscented transformation
(UT) as is used in Nasiraghdam and Safari (2020) for a hybrid system of wind power,

hydrogen storage and hydrogen turbine.

2.3.2 Equilibrium approach

Taking the market clearing problem as an equilibrium problem, such that each market player's
utility or profit is maximized, also with the participation of VRE, the common models are
mainly the same as the basic models in game theory: the probabilistic Cournot competition,
Bertrand competition, Stackelberg (bilevel) competition and the supply function model. Here
the approach supply function equilibrium (SFE) in this study is of concern. Buygi et al. (2011)
first proposed the SFE approach and investigated how the integration of wind power might
affect the market clearing price. Banaei et al. (2016) and Banaei et al. (2018) further deployed
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the approach and the algorithm how a WPP can team up with a non-wind power producer
to improve its flexibility and maximize the profit combined. In these studies, four schemes
were examined for the comparison of the performance: the WPP alone being a price taker,
the WPP gaming with its generation, the WPP gaming with its supply function and the WPP
joining a non-wind producer and gaming with their aggregated supply function. It has been
proved that the joint producer outperformed the others in terms of the profit combined. On
the other hand, it is not necessary for the game to be competitive. For instance, Chen et al.
(2021) considered a cooperative game for the optimization of a renewable hybrid system
integrated demand response and virtual storage. These studies suggest that no matter the
flexibility is added internally as a hybrid system or externally as a cooperative game, the market

performance of VRE coupling with non-VRE is always better than which the VRE is alone.

2.3.3 Conclusion

Modelling the market participation of VRE and VRE-hybrid systems with optimization and
equilibrium approaches is pretty much common. Among the various options, SFE approach
is chosen since in reality, the market participators, especially the price markers, are more likely
to have linear or quadratic cost functions. The bids they submit are also more often a set of
points consisting of prices and quantities instead of a single one, since they are more flexible
to decide their input and output. Despite the additional complexity, SFE approach has better

imitation of the market activities and is therefore adopted here.

2.4 Referential case: Hybridkraftwerk

2.4.1 Project outline

Hybridkraftwerk is a pilot project developed in 2006 and commissioned in 2011 by Enertrag
AG. It is located in Prenzlau, Northern Brandenburgs Uckermark district in Germany. The
project aims to demonstrate the possibility of renewables with 100% flexibility. According to
Miege et al. (2010) and Fisher et al. (20106), the wind-biogas-hydrogen hybrid system consists
of three 2.3 MW wind turbines; a 600 kW electrolyzer that can produce 120 Nm3h-1 of
hydrogen and 60 Nm3h-1 of oxygen; a hydrogen tank with 1350 kg storage capacity at 42 bar
compression; a biogas fermenter that can produce 350 m3h-1 of biogas with 33 ton corn

silage per day; a mixing valve for blending of hydrogen and biogas; a CHP with two generation
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units for maximum 366 kW power output and 409 kW heat output, which supports up to

70% blend of hydrogen in biogas as feedstock. Electricity from the wind unit and CHP units
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Figure 1. Mechanism of Hybridkraftwerk
(Source: Enertrag AG)

Storage

Figure 2. Operation of Hybridkraftwerk
(Source: Enertrag AG)

is directly fed into the 20 kV local grid, heat from the CHP goes to district heating, and the

hydrogen from wind power electrolysis internally is used for CHP production, and externally

is transported to the filling station or fed into the natural gas grid. The basic mechanism of
the plant is shown in Figure 1.

2.4.2 Operation modes

The hybrid system has four operation modes that are deployed to different purposes:
hydrogen production, baseload, wind forecast and European Energy Exchange (EEX). The
hydrogen production mode namely takes hydrogen as its main output. The production level
depends on the storage capacity of the tank and the availability of wind to power electrolysis
the residual power will be fed into the grid if there is any. The baseload mode instead, takes
power as its main output. The production level depends on the volume of baseload demand.
If there is surplus in wind, the residual power will be used for electrolysis or curtailed when
exceeding the tank capacity; if there is deficit, the CHP will be activated and make up for it
The wind forecast mode also takes power as its main output, but the production level depends
on the volume of power that the wind is expected to generate. Again, the surplus power will
be stored in hydrogen and the deficit power will be compensated by the CHP, such that the
wind power (day-ahead) commitment can always be guaranteed, and the risk of contributing
to grid imbalance can be minimized. The EEX mode, likewise, takes power as its main output

but the production level depends on the market demand. When there is scarcity of power and
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the scarcity is highly priced, the CHP is activated to meet the demand; when there is too much
power in the grid, the power from the wind will be directed to the electrolyzer before

exceeding the tank capacity. The operation of the plant is shown in Figure 2.

2.4.3 Conclusion

Hybridkraftwerk is a good case for reference as it effectively integrated the advantageous
attributes of wind, biogas and hydrogen. Biopower turns out to be a promising candidate for
wind compensation due to its flexibility, low costs and carbon neutrality. On the other hand,
the excessive wind power is stored in hydrogen and made use of again for mobility. Power-
to-gas as a significant factor of electrification has a prospect of wide application in transport
and industry sectors, and water electrolysis is just one of the possible choices. A future
application of this mechanism is biomethane production, as another type of power-to-gas.
Biogas is basically the mixture of methane (CHa4, normally 40% to 75%), CO, and a minor
part of other syngas. When biogas is combusted or upgraded to biomethane, the CO, content
will be separated. If the hydrogen is used for hydrogenating, the CO, can be further
"methanated" into CH4 (Ryckebosch et al., 2011). The new biomethane can be stored in the
natural gas grid on a large scale and at the same time, the carbon emission is reduced. The
other way around, hydrogen can also be converted from biogas when the carbon content is
separated, be it in the gaseous form or the solid form (Alves et al., 2013). In both directions

can the surplus power be stored, the end uses be electrified, and the carbon be sequestrated.

2.5 Hydrogen from renewable sources

Hydrogen is considered as a crucial energy carrier and plays a key role in energy transition.
As is discussed in the previous sections, no matter as a direct product in terms of feedstock
and fuel, or as a storage means to be converted back to power, adding hydrogen in the VRE
can effectively decouple the time that power is produced from the time it is consumed. The
potential to be sourced from various renewables is another favor of hydrogen. According to
EERE (2021), the origin of hydrogen can be either water or organic matter. If sourcing from
water, producing hydrogen basically is to split water into hydrogen and oxygen. This process
can be electrochemical, thermalchemical, photobiological or photoelectrochemical. When
combining with wind power, water electrolysis turns out to be a common and promising

practice. The power fed in can also be substitute by any other renewable power to make the
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hydrogen green, but this combination stands out due to the abundancy of wind and the need
of power regulation. The latter three options, on the other hand, are more specific to solar
power given the involvement of heat, light, and sometimes organic matter. As the other major
source of hydrogen, often in the form of biomass, organic matter consists of hydrocarbon
that can also be separated into hydrogen and carbon. For solid biomass, this can be done
through fermentation, gasification or pyrolysis. Pyrolysis can as well be applied to liquid or

gaseous forms, though reform is the method more widely used.

2.5.1 Turquoise hydrogen

Likewise, all these approaches are not necessarily to be deployed independently. In fact, it is
indicated in Dean et al. (2010) that the hybrid of wind and biomass is the most recommended
scheme to produce hydrogen, and the biomass gasification powered by wind outperforms
given its cost competitiveness. This reason can as well be applied to other reactions to be or
can be electrically heated, pyrolysis, for instance. Turquoise hydrogen, the hydrogen produced
from methane pyrolysis, especially with biogas as feedstock and renewables for power supply,
is of our concern in the study. This process is carbon negative as the CO; sunk in biogas is
no longer released but sequestrated in solid carbon, the other output of the reaction aside
from hydrogen which can be further put into use for industrial purpose. In this study we will
in general follow the wind-biogas-hydrogen hybrid scheme adopted in the referential case,
while substituting biogas pyrolysis for water electrolysis. This component can be favorable in
several aspects: the electricity consumed for biogas pyrolysis is 4 to 7.5 times lower than which
for water electrolysis (Michaut, 2021); biogas will be the only feedstock to be managed in the
hybrid system; though we will not go further in this study, the carbon products can potentially
bring extra revenue to the system, be it through direct selling the carbon in the physical market

as industrial material, or through carbon trading in the carbon credit market.

2.6 Conclusion

Given the research above, we can consider a brand-new hybrid system consisting of a wind
power unit, a biogas-to-power unit, and a turquoise hydrogen production unit with biogas as
the feedstock. Based on its ability to ramp up and down its output, we can set up a Supply
Function Equilibrium model to further investigate how it can strategically participate in the

energy market and contribute to the balance of the grid.
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3 Mechanism and Model

3.1 Market framework

We consider a wind-biogas hybrid plant about to participate in the Nordic electricity exchange
Nord Pool, which consists of the day-ahead market Elspot, the intraday market Elbas and
the balancing market with a two-price settlement. The power produced is to be sold in Elspot

and the balancing market, the hydrogen produced is to be sold in the local hydrogen market.

3.1.1 Day-ahead market

In the Elspot, the power producers and consumers submit bids with the quantity and price
of power for each hour of the delivery day 4 on day 4-7. The market is cleared by matching
the supply and demand at the last unit without considering the grid constraints. We assume
that the last unit under the most circumstances is offered by a conventional power producer.
In other words, the price maker has a fuel curve, and if excluding the efficiency loss, we can
further assume that the price maker has a linear fuel curve consisting of a fixed part and a
variable part. The fixed part can be the costs of operation and maintenance, and the variable
part can be the costs of fuel determined by the level of production, which can be represented
by: FU = FUyYep + FU; Pyep, 1. Under other few circumstances, the power price can drop to
or even below zero due to the abundance of wind, then the price maker becomes the wind
power producers. We also assume that the power producers and consumers bid with their
supply and demand function following a linear relationship. The marginal cost of each power
producer can be represented by: MC,; = a, + byP, , and the bid on the supply side can be
represented by its marginal revenue: MRy = oy + B Fy (assume B, = by, and the by of a wind
power producer therefore equals to 0). On the demand side, power consumers bid with their

marginal utility, which can be represented by: MU; = ¢; + d,P,.

' Source: Homer Pro
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3.1.2 Balancing Market

In the balancing market, the power producers and consumers submit bids with the quantity
and price of power for upward or downward balancing. The grid imbalance is basically the
net deviation of the real-time power quantity from the day-ahead power quantity, which can
be represented by AM= pP4 — pRT = ¥, Al, — Aj,. If the grid is in power deficit, it has to be
upward balanced, and if the grid is in power surplus, it has to be downward balanced. Here
comes the two-price settlement: if the imbalance of a market participator contributes to the
imbalance of grid, it will be fined with an imbalance cost when trading in the balancing market
to manage its own imbalance, otherwise it can manage its imbalance in the balancing market

for free and trading in the balancing market with the day-ahead price.

The settlement for grid surplus and grid deficit can be represented as:
grid deficit [AM> 0 (1)]: A} = 284, ; = A4
grid surplus [AM< 0 (1)]: A} = 224, A} = 284

The costs of upward balancing and downward balancing can be represented as:
upward balancing: ¢f = 21 — 24 >0

downward balancing: ¢} = 2?4 — A; > 0

3.1.3 Hydrogen Market

The setting of hydrogen market is simplified here: the producer takes the average market price
A and the quantity produced can always be fully sold. In practice, hydrogen has widespread
application scenarios and can be easily stored in tanks as well in gas pipes. Therefore it is a
reasonable assumption when making decisions collectively with power production, which has

to be simultaneous with power consumption and otherwise would be gone.

3.2 Hybrid mechanism

Figure 3 shows the schematic layout of the hybrid system. The hybrid system consists of a
wind power unit (or aggregator), a biogas-to-power unit and a biogas-and-power-to-hydrogen
unit. By changing the connection phases of the units, the overall output can be managed. The
system can be run as an actual hybrid plant with several units, a portfolio of several plants, as
well a virtual power plant (VPP), which coordinates multiple distributed sources for flexible

and stable power dispatch. The mechanism illustrated in the figure can be understood as an
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island mode without participating in the wholesale market: if there is wind surplus, the extra
wind power can be fed to biogas pyrolysis for hydrogen production; if there is wind deficit,
the biogas-to-power unit can be activated to compensate the gap. The by-products including
heat and carbon can also bring additional revenue, though they will not be covered in the
scope of this study. The situation, however, becomes much more complex to be presented
by lines, if considering market participation, especially multiple ones, which will be unfolded
in the following sections. Overall, the point is to reduce costs incurred by uncertainty and
make profit by providing flexibility for the system itself and the grid. The objective of the
system is to always fulfill the day-ahead commitment unless there is large deviation®, be a pure
balancer in the balancing market, and obtain income from the hydrogen market. Such that it
can fully acquire the scheduled revenue from the day-ahead market, earn the differences in
the value of power from the balancing market, while making extra profit by selling hydrogen.
&>

CcO2

1
1
1
CH4 :
i
i
......................................... » Carbon
— Surplus —— Balance wind
—— Deficit —— Balance biogas

Figure 1. A schematic layout of the hybrid system

2 The large deviation cases are also manageable if the CHP units of the hybrid plant sources

methane/biomethane from the gas grid, instead of running a biogas plant itself with fixed inventory.
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3.2.1 System components
(a) Wind power unit

The function of wind power in the hybrid system is basically power supply in the day-ahead
and balancing market and to the hydrogen production. The main factors that determine the
strategies are the forecasted wind, the forecast error and the real-time wind. In terms of power
output, the forecasted power Py# is decided by the forecasted wind at time t and the power
curve of the turbine, which can be written as Pj¢ = f(t, E(W;)), with the power capacity of
the turbine as Py,. The power deviation is decided by the forecast error o, a random variable
with a known distribution, and the power curve of the turbine. By deducting the power
deviation from the forecasted power, we obtain the real-time power Pj.. If o > 0, then the
forecasted power is higher than the real-time power, the system is in deficit. If o < 0, then

the forecasted power is lower than the real-time power, the system is in surplus. If o = 0, then

the forecast power matches the real-time power, the system is in balance.

(b) Biogas-to-power unit

The bigas-to-power unit is basically a gas turbine with biogas as feedstock. It functions in the
system in terms of power supply to compensate wind deficit in the day-ahead market, grid
deficit in the balancing market, as well to hydrogen production in the stand-alone mode. The
efficiency of converting fuel to power can be written as BX = xPg, i.e., x MWh of power can
be generated from 7 MWh of biogas, and the marginal cost of the unit can be written as

MCE = ag + bgPg, with the power capacity being Pg.

(c) Biogas-and-power-to-hydrogen unit

The biogas-and power-to-hydrogen unit is a pyrolysis equipment electrically heated at a high
temperature, also with biogas as feedstock. It functions in the system as a balancing means
for the power surplus in the system or in the grid, therefore is only on when the day-ahead
commitment can be fulfilled and the grid is not in deficit’. The biogas required for hydrogen
production can be written as B¥ = yH, i.e., y MWh of hydrogen can be produced by 7 MWh
of biogas. The power required for the process heat can be written as P# = zH, i.e., s MWh of

hydrogen can be produced by 7 MWh of power. The power required for pyrolysis can thus

3 This is for simplicity and to our purpose of studying flexibility. Hydrogen can also be considered as
the main product of the system, but there will be a large amount of trade-offs among the intraday,
balancing market and hydrogen market that affects the decision of the day-ahead offering.
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be expressed by the biogas input as P? = (z/y)B¥, and the marginal cost of the unit can be
written as MCH = CH (1/y)B" + C} (1/z)P" + e. The power for hydrogen production can be
valued as MRY = z[A" — 2B(1/y)BH" — e]/PH.

(d) Biogas inventory

The biogas inventory, which in reality can be a biogas fermenter, supplies biogas at cost (or
average market price) A% for the biogas-to-power unit and the biogas-and-power-to-hydrogen
unit, and its capacity B; can be written as Bf + B! < B;. Thus the maximum power generated
by the biogas-to-power unit can be written as Py, = (1/x)B;, and the maximum power

supplied to hydrogen production can be written as ﬁ? = (z/y)B, .

3.2.2 Uncertainties

The uncertainties in this system include the wind forecast error, the balance status of the grid,
the clearing price in the day-ahead market thus in the balancing market. Given our settings,
the forecast error and the grid status can be assigned a known distribution and reasoned out
all the potential scenarios. The balancing price is normally set as a fixed ratio of the day-ahead
price or the day-ahead price with a fixed addition or deduction, and the day-ahead price is

what to be solved in the optimization or the equilibrium problem.

3.3 Supply Function Equilibrium (SFE) model

The SFE approach follows the setting of Buygi et al. (2011), Banaei et al. (2016) and Banaei
et al. (2018). The market clearing is a bilevel problem follows the Stackelberg competition,
such that the market participators ate the first mover, the objective of which is profit/utlity
maximization, and the market operator is the second mover, the objective of which is social
welfare maximization given the constraints of grid balance and generation capacities. The
profit/utility function is given by the difference between price received/paid for the traded
power and the total cost paid for / utility received from the traded powet. The social welfare
function, on the other hand, is given by the aggregation of producer surplus and consumer

surplus, 1., the difference between the total utility and the total cost. Total utility and total

4 Blending hydrogen in biogas for power generation is not covered by the model (though practically
viable), since currently the technique maturity of green hydrogen production is not yet high enough
to make this as competitive as other generation types.
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cost are basically the integral of the marginal utility and marginal cost. Being the first mover,
the power producer has to embed the optimization problem of the market operator in its
own optimization problem. In other words, since the second mover will make decisions for
maximization based on the decisions of the first mover, the conditions to be met in the
second mover’s maximization problem should then function as the constraints in the first
mover’s maximization problem. This constitutes a bilevel problem, where the upper level is
the second mover’s maximization, and the lower level is the first movet’s maximization. The

model can be therefore formulated as follows®:

(a) The upper-level problem:

max
1 1
SWiso = Z (ciPp; — EdiPDiz) - Z (@;Ps; + EbiPSiz) €Y)
iED iES
s.t.
Z PSi - Z PDi =0 (2)
i€s ieD

0 < Py <Py (3)

(b) The lower-level problem:

max
b
— 9p2
g = APy — aghy = F, (4)
st

-3 (5)

By replacing the upper-level problem with its Karush-Kuhn-Tucker (KKT) conditions, the
bilevel problem can be reformulated as the optimization of the lower-level problem:

m; = aTPia + aTRi + (aTR’i + S’i)PDO + S"iPDOz (6)
where @ is the vector of all the offerings submitted by the power producers, P is a matrix

consists of four partitions that can be written as:

5> See appendix A for the complete derivation of the original SFE model for the unconstrained and
deterministic cases. By adding dual variables and probability, the constrained and probabilistic cases

as is used in this study can be obtained. (The nomenclature follows the original paper.)
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By solving the KKT conditions of the lower-level problem, the SFE model can be
reformulated as:

S"i

H(@+p) +R+RPy—U,=0 (7)
VPpo +U(a+p) < P* L pm* (8)
VP +U(@+pu) =0 L pmn ©)

where
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@ Ry, Ry, 2Py, , P’11,z P’11,g
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(04 ’ ,. ,' .

g Ry, Ry, P, Py, = 2P,

and Py, =Py, +P; .

llg lgl

3.4 K scenarios of operation

(a) When the wind deficit exceeds the biogas-to-power unit capacity and the grid is also in

deficit, buy extra power at the upward balancing price to fulfill the day-ahead commitment.

e k€K;:0>0,Po >PEl, + Py, AM> 0

— — 2
ol = A% Py — (agPpe +EbBPBt )

BA 0
g = —AuAsty
H _
g, =0
RT P _7 pRT _p _157
st A= Pyt — Pty — PRl Bl = Be, Pty = Pge = =B,
X

(b) When the wind deficit exceeds the biogas-to-power unit capacity while the grid is in

surplus, buy extra power at the day-ahead price to fulfill the day-ahead commitment.

e keK,:0>0,P24 > PpET +PBt,A <0

ot = AEPR — (agPpe + = bBPBt )

BA DA
g = AtkAStk
H _
g, =0

RT P _7 pRT _p _157
st A= Py — Ptk — Ptletk_BtfPBtk_PBt_;Bt

(c) When the wind deficit is within the biogas-to-power unit capacity while the grid is in
deficit, sell the rest of the power produced by the biogas-to-power unit at the upward

balancing price conditioned the day-ahead commitment is fulfilled.

. k€K3:0>0,PMD,‘§kSPﬁk+ﬁBt,A{5’,‘3>0

DA _ 4DApDA RT2
ot = Ae Pyt — [agPgl + 5 bB Pgix |
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BA _ 41
g = A kAStk

1=
st Age= Pt — (PR — Pivta), Bl = B, Pty = Pp = ~B:

(d) When the grid is in surplus and the upward balancing price (the day-ahead price) is higher
than the marginal cost of the biogas-to-power unit, make up for wind deficit with the power
produced by the biogas-to-power unit without participating in the balancing market

e k€K,:0>0,Ph4 <PRT, + ppex A’M<O ,1Tk_,1 > MCg

o = A — [ag(Py k) + 5 bB( — P2
i =0
n’;‘lk = O

sit. PEL = P& — P, 0 < By, < B, 0 < PEl, < Py,

(e) When the grid is in surplus and the upward balancing price is lower than the marginal cost
of the biogas-to-power unit, buy back the power to be produced by the biogas-to-power unit
for the fulfillment of day-ahead commitment at the upward balancing price

e keKg:0>0,Ph4 <PRL +Pmax AlM< 0,2l =204 < MCy

o = A — [ag (P — Pivt) +§bB(PMD/§k — P
2

e = —ARE A + apAg + 5 bBA%«

n’;‘lk = O

PpET DA
PRt 0 <Bfy <B, 0<Pgl <Pg

st Agt= Pgo = Pty —
(f) When the wind matches the forecast, but the grid is in deficit, sell power produced by the

biogas-to-power unit to the balancing market at the upward balancing price

o kE€Kg:0=0,Ppt = Py, Atk >0

DA _ 3DApDA
Tsk = Age P

BA _ 1 AIM _ AIM +1b AIMZ
Tsk = Aexlsex — (aplse 5 PBBstk
H _
g, = 0

B pRT _p 17
st A= Pghe, Bl By, Pgye = Ppe = £ By
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() When the wind matches the forecast and the grid is in surplus, run the stand-alone mode
of the generators, i.e., wind for the grid, biogas for pyrolysis and its power supply, which

yields a fixed hydrogen output, without participating in the balancing market.
e keK,:0=0,PRA =pRT, AM< 0 AL > MC,
ol = A58
A 0

1 1 11
g = A Hy — [2P ;Bgc + (ag Epgtk + E(Epgtk)z) + e]Hgy

H _ pH P H _ .pH H _ . ZpH H_T7 H_y_ _
s.t. Py = Pgey, Bix + Bik = xPgyy + Biy = x;Btk + Bk = By, Biy = Btf Btk =
Xz = z = 1 =
—B, P, =—B, H); =—2B
xz+y VBt T aiy T tk xz+y ¢

(h) When the grid is in surplus and the balancing price is lower than the marginal cost of the
biogas-to-power unit, buy power from the balancing market at the downward balancing price

for the power supply of pyrolysis, which yields a fixed hydrogen output.
e k€Kg:0=0,P04 =P8L, AM< 0, AL, =204 < MCy
TS = A8k Pwiti
w5 = —Age Agh
mge = AMHy — (—,1335( + e)Hy
1—

n pH _ZpH _Z274 _1pH _
st A= Pl Bli, = BtfPtk_;Btk_;BtlHtk_;Btk_;Bt

(i) When there is wind surplus while the grid is in deficit, sell the extra wind power and the

power produced by the biogas-to-power unit at the upward balancing price.
e keKy:0<0,PRA < PR AlMS

”5k /1 Wtk

BA _ 41 PRT 2
g = At — (agPhfy + 5 bB Btk
H _
g, = 0
st A — PPA + PRl BP =B, PRl =P, =-B
Stk Wtk Btk’ Pt — trt Btk — Y Bt — x t

(j) When the wind surplus is within the capacity of the biogas-power-to-hydrogen unit and
the grid is also in surplus, supply the extra wind power to pyrolysis without participating in

the balancing market.
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Bl = 2003
s =0
H _ 3H 1 bpn
g = A" Hyye — (;1 By + e)Hy,
st P = Pjy., Bf =§PIAH/tk < Be, Py = Pl — Pl Hu =‘( — PR
(k) When the wind power surplus exceeds the hydrogen unit capacity and the grid is also in

surplus, supply the extra wind power within the capacity of the biogas-power-to-hydrogen

unit to pyrolysis and sell the excessive wind power at the downward balancing price.
e keEKy,:0<0,P2A <PRL AM<o 2 >0
Bl = 10 PE
e = A
gy = A" Hy — (%/1335( +e)Hy
st A= Pl — Ptk — Pivoe Pl = Piee = iEt/ Bfi, = By, Hye = %Et
(1) When there is wind surplus while the grid is also in (a high degree of) surplus, curtail the

extra wind power and supply the power bought from the balancing market at a negative price

to pyrolysis, which yields a fixed hydrogen output.

DA _ 7DApDA
Tsk = Age P

1
"5}@4 Alk y BtkAStk

gy = A" Hy — (_/1335( + e)Hyy

,—
st A+ Pl = A+ PG — Pl BE, = B, AY + Pl = PH = Btk = th/
1 1=

AStk_ B, — (PMR/TI;I( - PV%(), Hy = ;Bgc = ;Bt

The occurrence of (d) or (e) is settled by bidding the wind deviation in the balancing market
with a price equal to or lower than the marginal cost of the biogas-to-power unit. If cleared,
goes for (e); if not, goes for (d), such that there is always: APAAR! — AL > APAADT — (ap AR +

bBA ) also, the occurrence of (g) or (h) is settled by bidding the power supply for pyrolysis
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in the balancing market with a price equal to or lower than the marginal cost of the biogas-

to-power unit. If cleared, goes for (h); if not, goes for (g).

In this model we also assume that for VA # 0, [AIM| > P, + Pg, and |AM] > ﬁH, ie., the
hybrid system cannot fix the grid imbalance exhaustively, and the marginal cost of the biogas-
power unit is always equal to or less than AP4 unless the price drops to or below zero. Thus
in the balancing market, the offering is always “all or nothing”. For situations when the hybrid
system can fix the grid imbalance exhaustively, some of the equivalent constraints can be

modified to inequivalent constraints on demand.
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Given the profit function and the constraints of each component in each scenario, we can

obtain the corresponding profit function of the hybrid system:

A — bg
k € Kyt mg = ADEPR G — (Al Pive — Ak Piver — (T X2 By)B]
DApDA DApDA DA pRT ’1?1? —ag by
k € Ky: 1y = Age Pwek — [Ade Pwek — Aok Pwek — (—————— %2 By)B]
/’lTk - aB b
k € Kyt moe = 250 Pt — [P — AP — (—— + 5 5 BOBY]
DApDA b DA 2 bg RT 2
k € Ky: 1y = A58 Pyt — [(ap — bePi) Pty + > P — agPlix +7 Wtk
k € Ks: T = A8 Pyt — (A0 P — Ack Puie]
Atk - b
k€ Ky my = ARAPRA, — [~(HE2 - 22 BBy
k € Ky AD4 LI B B M-eg
70 Tk = Wtk [( ag + 2( Z+y)) (XZ+y)2 XZ+y] t
z224 (AH—e) A5_ _
k € Kg: g = A5 Pl — [( yf -t y—zBaBt]
DApDA 1 DA ’ﬁk — bg
k € Ko: 1y = Age Ptk — [AexPwiek + /1 (T 252 t)B ]
z(AH + e) — 228 AB 2 M+e /1
k € Kio: mge = A8 Pt — [ 2 Wik T PMD/?k - Pyt +
A, — A +e 1 —
k€ Kuxt mg = 200 Pite = Pt = AP + (————+ 47 5 BYBY]
B B M—e A +A5_
k €Kit mop = APl — [~ Pl = — = P = (— : 7 BuBd

]

B
PELT (19)

(10)

(11)

(12)
(13)

(14)

(15)

(16)

(17)

(18)

(20)

(21)

To convert the profit function into the SFE model, we need to identify the parameters of the

marginal cost of the hybrid system MCg = ag + bgPs given all the scenatios. The objective

function of the hybrid system therefore can be rewritten as:
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M= [PWtk Py PWu P Bt]

) by —
/’l‘{»k 0 _/’l‘tr-k O x ﬁ Bt
/’{D]f - aB bB —_
254 0 - 0 - —+55B
) bg —
Ak 0 Ak 0 T 32 bt
b b
ag — bpPfi 73 —ap 73 0
b4 0 —APA 0 0
A= a5 | bs =
0 0 0 0 L+ B,
B _ B \g _
= 0 0 0 0 </1 a8t 30z +y) Be g _¢By
(xz + y)? Cxz+y
z224 (AH—e) AP_
0 0 0 0 = +=B,
y y y
A — by —
/’l‘{»k 0 AI’R O - tkTB Zsz Bt
z(AH +e)—228 2B Mie 2B
72 22z 72 0
zAh, — M +e 1_
AL 0 A, o0 “‘f +2° 5B,
AtB, At B, A +28_  2H—e
e 0o -2Xx o B, -
y y y y

The parameter a5 and by can thus be written according to the first and second column of V:
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;bBBta bS == 0, Wheﬁ k € K4, as =dap — bBPWt'k’ bS == bB, When k € K5, At’k’ b 0, Wheﬁ

ke Kg, a,,=0,by, =0; whenk € K,, a; =0, by = 0; WhenkEKS,as=O,bs=0; when k €
H B B

K a = /’ltk, b = 0 When k € KlO) M 22

hes ———, by =—; when k € Ky, @ = Ay, by =
A B
0; when k € K5, ag = %X b, = 0.




28

With parameter s and b in each scenario, the model can then be converted to:

Z o (Hla+u) +R+R'Py) + Z o, (Ha+u) +R+RPyy) + -

KER, KER, (23)
+ Z o (H(@+p) + R+ R'Py) — U, =0
keKq,
Ppo + U(a + ”) < pmax ) pmax (24)
VP +U(@+pu) =0 L pmn (25)

By solving (23) to (25), the bidding price of the system @, and the other power producers ag,

the clearing price of the day-ahead market A24, thus the balancing price can be obtained.
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5 Discussion

As we have mentioned in the literature review, the market performance of the joint WPP and
non-wind producer has already been proved in Banaei et al. (2016) and Banaei et al. (2018).
Since the decisive variables in the SFE model are basically ag and b, given the above model
conversion and their corresponding values, the difference between our model and the former
ones are in effect parametric. In other words, it is the settings of the markets that the system
is to participate in and the settings of the additional hydrogen component in the hybrid system
that affect the bidding decision. The original algorithm proposed in Buygi et al. (2011) thus
will no longer be adopted considering the commodities covered in this model are for short
term in multiple markets, and the choice of parameters might be contingent. Here we instead

discuss how the supply function of the hybrid system will be shaped in all these scenarios.

From scenario K; to K, there is a positive wind forecast error and the hybrid system is in
deficit, the biogas-and-power-to-hydrogen unit is off. If the deficit exceeds the capacity of
the biogas-to-power unit, the marginal cost of the system for power generation in the day-
ahead market is determined by the status of the grid. When the grid is also in deficit, then the
marginal cost is the upward balancing price. When the grid is in surplus, then the marginal
cost is the day-ahead price. If the deficit is within the capacity of the biogas-to-power unit,
the marginal cost of the system for power generation is determined by the status of the grid
and the clearing price of the balancing market. When the grid is in deficit, the marginal cost
is still the upward balancing price. However, this cost is an opportunity cost instead of a real
cost since the value of the same amount of power is higher in the balancing market. When
the grid is in surplus and the upward balancing price (the day-ahead price) is higher than the
marginal cost of the biogas-to-power unit, the marginal cost of the system is the marginal cost
of the biogas-to-power unit. When the grid is in surplus and the upward balancing price (the
day-ahead price) is lower than the marginal cost of the biogas-to-power unit, the marginal
cost of the system is the upward balancing price (day-ahead price). To achieve a low price as

such, there must be relatively high penetration of low-cost VRE in the power market.
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From scenario Kg to Kg, the forecasted wind matches the actual wind and the hybrid system
is in balance, the marginal cost of the system for power generation in the day-ahead market
is the marginal cost of the wind power unit, i.e., equals to 0. The activation and connection
of the biogas-to power unit and the biogas-and-power-to-hydrogen unit is fully determined
by the status of the grid. When the grid is in deficit, the biogas-to-power unit is activated and
helps balance the grid. When the grid is in surplus and the upward balancing cost (day-ahead
price) is higher than the marginal cost of the biogas-to-power unit, then the system runs the
stand-alone mode. When the grid is in surplus and the upward balancing cost (day-ahead
price) is lower than the marginal cost of the biogas-to-power unit, then the biogas-and-power-
to-hydrogen unit takes out power from the grid to help balance. Again, to reach this price
level, a relatively high degree low-cost VRE penetration is required. Standing alone or taking
power out here is more for the purpose of theoretical completeness. Practically, if the forecast

matches the reality, it is also reasonable to do nothing.

From scenario Ky to Kj,, there is a negative wind forecast error and the hybrid system is in
surplus, all the components of the hybrid system might participate in the balancing market.
When the grid is in deficit, the marginal cost of the system for power generation in the day-
ahead market is the upward balancing price. This cost is again an opportunity cost given the
higher price of the same amount of power in the balancing market. When the grid is also in
surplus, if the wind power surplus is within the capacity of the biogas-and-power-to-hydrogen
unit, then the marginal cost of the system is the marginal cost of the biogas-and-power-to-
hydrogen unit. If the wind power surplus exceeds the capacity of the unit, then the marginal
cost is the downward balancing price. It is a fine from the balancing market for contributing
to the grid imbalance, since the value of the power is higher in the day-ahead market. When
the surplus in grid is high enough to drop the price below zero, the marginal cost of the
system is then also negative. Again, for the price to be capable of dropping below zero, there
should be a large amount of low-cost VRE in the market and regionally a very strong wind,

plus a low demand profile.

The increasing number of scenarios evidently leads to additional complexity for the solving
process. In practice, this model can be run at a daily basis to schedule the delivery for the next
day, given the day-ahead forecasted wind data. Frequency as such also limits the calculation
to an acceptable level with a proper accuracy, compared to a medium-term plan as in Banaei

et al. (2016) and Banaei et al. (2018). The additional complexity, however, reflects how all the
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units may interact with each other in response to grid status and market signals. The operation
modes in terms of scenarios above can also be regarded as business models for investors with
multiple assets. Compared to the simple revenue stream from selling what has been produced,
having better control over the output not only reduces the risk of revenue loss incurred by
imbalance, but also seizes the profit space created by scarcity in the market. If taking capital
costs into consideration, since the synergy provided by the whole system is unlikely provided
by each component of the hybrid, as is also proved in Banaei et al. (20106), investment and
management in portfolio may results in a shorter payback period compared to the assets run
in separation. The influence of coordination among individual units on micro scale, and the
interaction between individual units and network, can be even more delicate and significant

in the context of energy transition led by distributive VRE sources.
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6 Conclusions

This study proposed a wind-biogas-hydrogen hybrid system with power and fuel as output.
With biogas generator as a dispatchable source and hydrogen production as a cuttable load,
both wind deficit and wind surplus can be effectively managed. The suggested wind powered
biogas pyrolysis for hydrogen production enables the system to be ramped up and down with
a single kind of feedstock, and the process moreover has the benefit of carbon negativity. The
value of the system is more conspicuous when time is well priced. In the previous work using
SFE model, the combination of wind and thermal generation is proved to have better market
performance compared to their separation, however, only the day-ahead market is considered
when deciding the optimal bidding strategy. In this study, the hybrid system is designed to
actively participate in the balancing market and sell hydrogen to create constant extra revenue.
The three scenarios in the previous simpler model are expanded to twelve, more parameters

are introduced, and the supply function of the system are shaped in a more complicated way.

The major limitation of this study is in effect the other side of the coin. The growing
complicatedness of the model at the same time increases the requirements on the solving
process, and the previous algorithm is not necessarily working at the same place. It is also
possible for a case study to lose representativeness if the parameters are largely set. The study,
however, has built up a proper theoretical model to be worked on, either for a case study on
the test system or for an effective approach that is compatible with multiple markets to solve.
Therefore, the algorithm regarding the upgraded SFE model, also the optimal sizing problem

regarding the parameter settings in the model, will be recommended for further research.
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APPENDIX SFE model derivation

Supply Function Equilibrium (deterministic & unconstrained)
[For constrained model, change & to ot + . .|

[For probabilistic model, add probability distribution for expectation.]

max

1 1
Jiso=)  (ciQpi—5diQ@pi®) — )  (iQsi +5b;Qsi®)
IED 2 ieS 2

first order condition:

D (@=dio) = ) (@ +bi0s)=0
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for Vj € S,j # i to be cleared:

for the last trade i:
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for market clearing (s.t.):
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first order condition:
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