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As environmental flow demands become better characterized, improved water allocation and reservoir operating
solutions can be devised to meet them. However, significant economic trade-offs are still expected, especially in
hydropower-dominated basins. This study explores the use of the electricity market as both an institutional
arrangement and an alternative financing source to handle the costs of implementing environmental flows in
river systems managed for hydropower benefits. A framework is proposed to identify hydropower plants with
sustainable operation within the portfolio of power sources, including a cost-sharing mechanism based on the
electricity market trading to manage a time-step compensation fund. The objective is to address a common
limitation in the implementation of environmental flows by reducing the dependence on government funding
and the necessity for new arrangements. Compensation amounts can vary depending on ecosystem restoration
goals (level of flow regime restoration), hydrological conditions, and hydropower sites characteristics. The
application in the Parana River Basin, Brazil, shows basin-wide compensation requirements ranging from zero in
favorable hydrological years to thousands of dollars per gigawatt-hour generated in others. Each electricity
consumer’s contribution to the compensation fund is determined by their share of energy consumption, resulting
in values ranging from cents for residential users to thousands of dollars for industrial facilities. Finally, the
compensation fund signals the economic value of externalities in energy production. For residential users,
achieving varying levels of ecosystem restoration led to an electricity bill increase of less than 1 %. For larger
companies, the increase ranged from less than 1 %-12 %.

1. Introduction

Water rights and infrastructure have traditionally been allocated and
expanded to meet demands at the lowest cost, often disregarding the
benefits of environmental services. This has resulted in drastic changes
of natural flow regimes and the loss of freshwater ecosystem biodiversity
and habitats (Maskey et al., 2022). Despite advancements in new stra-
tegies around flow regime restoration, known as environmental flows
(e-flows), and multiobjective water allocation frameworks, studies have
indicated that measurable trade-offs in several sectors (such as hydro-
power and irrigation) for environmental prescriptions are inevitable
(Rheinheimer et al., 2013; Widén et al., 2022; Willis et al., 2022). In this
context, the analysis of e-flows should go beyond predicting expected
trade-offs, which is fundamental to support policy reconfiguration, and
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should advance on creating policy and financing mechanisms to foster
effective implementation (Brown et al., 2018; Horne et al., 2017).
Economic compensation mechanisms can directly remunerate users
who suffer economic losses due to restoration of flow regimes (Acreman,
2016; Pang et al., 2013, 2018; Sisto, 2009), but are still highly depen-
dent on organization funds or government economic incentives, such as
subsidies on taxes and energy tariffs, applied to utilities that implement
e-flows. Arthington et al. (2023) highlight the high dependence on
donor funding as a constraint on e-flow implementation in various ba-
sins worldwide, such as the Nile River Basin in Africa and the Ramganga
River in India. Involving beneficiaries of ecosystems services in the
cost-sharing process, as mentioned in Benayas et al. (2009) and Palmer
and Filoso (2009), can also increase the availability of financing sources.
However, in hydropower dominated basins, the economic loss resulting
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from hydropower reduction is usually much greater than the perceived
value of improved ecosystem services, either because it is localized (e.g.,
increased fish abundance benefiting local fisherman) or because a sig-
nificant portion of the benefits (e.g., biodiversity) is intangible and
poorly represented in planning (Klain and Chan, 2012).

Transferring economic hydropower losses to electricity tariffs can
also help mitigate financial needs and share costs with society’s expec-
tation of ecosystem preservation. Ruan et al. (2021) quantified that if all
the losses resulting from adopting a 10 % mean annual e-flow strategy in
the Fujian Province of China (estimated to reduce the total electricity
production by 9.38 %) are transferred to users, the impact on people’s
original electricity bills would be approximately 0.56 %. However,
without an arrangement framework, equal cost-sharing solutions may
lead to inequitable cost distribution, since varying demands and elec-
tricity consumers (including industrial facilities, companies, and irri-
gation districts) are not considered. Additionally, when compensation is
based on static (fixed) e-flow requirements, it may lack flexibility in
accommodating different hydrological conditions and clearly commu-
nicate the associated environmental benefits. These shortcomings can
hinder engagement, negotiations, and agreements as society may
perceive it as an additional environmental fee.

Trading in water markets, like in United States and Australia, has
also been used to augment stream flows for environmental outcomes
(Brown, 2006; Debaere and Li, 2022; Qureshi et al., 2010). Examples
include establishing environmental water transaction programs to ac-
quire water rights from willing sellers and reallocate it for environ-
mental purposes (Grafton and Horne, 2014; Hanak et al., 2021; Kendy
et al.,, 2018). In order to reduce reliance on state/federal funding for
these programs, water demands for ecosystem needs have also been
approached as a water right, rather than solely limiting water rights for
society consumption (Erfani et al., 2015; Mount, 2018; Mount et al.,
2017). Under this proposal, the environmental manager could purchase,
trade, and even sell water to best serve environmental needs. However,
despite the advantages of bringing management flexibility, the imple-
mentation of formal water markets faces several challenges in many
countries, especially due to poorly defined and enforceable water rights
(Grantham and Viers, 2014), a lack of control and oversight, as well as
issues related to institutional monitoring, and considerations of cultural
values (Wheeler, 2021).

The present study proposes an alternative mechanism to finance e-
flow restoration through trade-offs sharing/compensation, having the
electricity market arrangement and trading as a source of resources. Like
the classification of renewable energies that contribute to reduce carbon
emissions, hydropower plants that contribute to the restoration of
aquatic ecosystem functions could benefit from a similar arrangement
concept. Thus, the proposed mechanism identifies hydropower plants
that contribute to the restoration of flow regimes in the portfolio of
power sources, and the degree of contribution, allowing consumers to
purchase electricity from these sources through trading mechanisms
such as policy and voluntary purchase.

The suggested financing mechanism for implementing e-flows aims
to reduce the need to create new institutions, as in the case of water
markets, and decrease reliance on external, government funds. Ac-
cording to O’Shaughnessy et al. (2021), voluntary buyers procured
about 35 % of all non-hydro renewable energy generated in the United
States in 2020, indicating that electricity demand is driven not only by
price and policy but also by voluntary action. Additionally, electricity
markets are well-stablished in many countries, usually adopting
competitive and/or regulated arrangements for trading electricity be-
tween consumers and generators (OECD, 2022; Sioshansi, 2013).

Finally, the proposal allows compensation needs from meeting e-
flows to be dynamically adjusted according to varying hydrological
conditions and restoration levels, rather than relying on fixed rules for
cost-sharing as proposed in Marques and Tilmant (2018). The method-
ology builds upon modelling frameworks that identify strategies for
environmental flows restoration based on ecological-flow relationships
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and the corresponding trade-offs to hydropower production (water--
energy-ecosystem nexus). Economic losses are then addressed based on
anovel dynamic compensation funding framework, supported by energy
trading. During periods when e-flow requirements can be met with
minimal trade-offs, the compensation is automatically reduced,
following a compensation-on-demand approach.

This study starts by describing the electricity market-based approach
to finance e-flow restoration initiatives. The methodology is then
demonstrated in the context of a large-scale hydropower system, the
Parana River Basin, in Brazil. In the results and discussion section, we
assess the compensation fund range, its spatial distribution, and the
economic impacts on different electricity consumers.

2. Methodology

The methodology is structured in three sections. The first section
describes the general structure of retail electricity markets and presents
the concept of a market-based proposal as a way to finance the resto-
ration of environmental flow regimes in basins impacted by hydropower
production. The second section describes the proposed concept and
mechanism of the environmental compensation fund. The third section
describes the mathematical approach used to simulate the compensation
fund and the cost-sharing mechanism in a study basin.

2.1. The electricity market-base framework to finance sustainable
hydropower operation practices

Electricity is traded in wholesale and/or retail markets. Typically,
the retail electricity market operates under two fundamental structures:
(a) the regulated market, where consumers purchase power from the
designated utility company in their area and have no choice in selecting
their power provider, and (b) competitive markets, where consumers
can shop for competitive prices or renewable options from different
power suppliers, although utility companies continue to own and
maintain the transmission infrastructure. Examples of electricity con-
sumers include, industrial facilities, residential users, irrigation districts,
among others.

As indicated in Fig. 1, in a regulated electricity market, the negoti-
ation flow is unidirectional. That is, electricity is provided to the con-
sumer from a mix of generating sources run by a pool of producers, and
the consumer only decides their electricity demand. Conversely, in a
competitive electricity market, the negotiation flow is bidirectional;
consumers can choose not only how much electricity to purchase but
also from which generating source or producer.

In this context, we propose distinguishing hydropower plants that
contribute to e-flow regime restoration, either individually or as part of a
cascade system (i.e., centralized dispatch system), within the available
power source portfolio (depicted in Fig. 1 as Hydropower - sustainable
operation). By doing so, consumers can make electricity purchases from
these sources through the market arrangement and contribute to a
compensation mechanism.

Additionally, we propose classifying hydropower plants based on
their sustainable operation level, ranging from Tier 1 (very high envi-
ronmental performance) to Tier 10 (very low environmental perfor-
mance). We also refer to Tier 10 as traditional operation, which
prioritize hydropower production and do not actively participate in
restoration plans.

The tradeoff between tiers (energy production and environmental
performance) increases as the desired level of restoration increases, as
illustrated by the Pareto Front in Fig. 2. To compensate for the energy
loss, the electricity produced by a powerplant that adjusts its operation
to restore e-flows and bring additional environmental benefits (sus-
tainable operation) is priced differently (higher) based on a compensa-
tion amount.

In a cascade system, whether in parallel or series, the restoration of e-
flows to sustain ecosystem needs often entails reconfiguring energy
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Fig. 1. Electricity market as a cost-sharing arrangement to implement environmental flows.
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Fig. 2. Tier classification based on the level of sustainable operation.

production by adjusting the timing and magnitude of releases and While plant-level impacts may vary, the framework assigns the same

reservoir refill. The resulting energy production loss thus vary depend- tier classification to all hydropower plants contributing to a specific
ing on each hydropower plant’s position in the cascade, reservoir stor- restoration site, as depicted in Fig. 2. The delimitation of the cascade
age capacity, and local incremental flows. Additionally, energy gains system includes all hydropower plants with reservoir located upstream

can be realized when hydropower plants reduce overall storage to in- of target environmental sites. This tier-classification approach enables
crease downstream flows, thereby boosting turbined flows during spe- electricity consumers to identify the level of restoration commitment of

cific periods (e.g., reallocating releases from the dry season to the wet a particular hydropower plant or the cascade system.

season). To adequately address the restoration sites and the trade-offs
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associated with various e-flow strategies, incorporating ecological-flow
relationships into hydroeconomic models using modeling tools can
provide valuable insights and initiate informed discussions. Choosing e-
flow alternatives that sustain vulnerable ecosystem sites and functions
offers a strategic framework for developing ecological-flow relationships
(Grantham et al., 2020; Whipple et al., 2017; Yarnell et al., 2015) and
more measurable indicators of environmental performance.
Water-dependent vegetation, waterbirds, and native fish population are
some good examples of indicators to quantify environmental outcomes
(Murray-Darling Basin Authority, 2020), although more holistic ap-
proaches are needed. As described by Grantham et al., (2014), such an
approach would identify dams for which there is evidence of both flow
alteration and ecological impairment, and where a policy nexus war-
rants the more time-consuming investments in environmental flow
assessment is needed.

Trade-offs between energy production and ecosystem maintenance
are one such policy nexus. After identifying trade-offs, a negotiation
process should be established among water managers (seeking to resolve
potential conflict and implement solutions that benefit the watershed as
a whole), energy producers (seeking to maximize power generation),
and water users and environmental agencies (seeking to protect
ecosystem functions and services). This negotiation process ideally
should produce a minimum level of e-flow restoration at a designed
target site (minimum Tier), which will then serve as the basis for an
economic compensation mechanism to offset the power generation
revenue loss.

Finally, although this study directly deals with flow regime restora-
tion, a successful ecosystem restoration plan requires the integration of
multiple elements for floodplain functionality, including the connec-
tivity between river and floodplain (Opperman et al., 2010), as well as
dynamic sediment transport and deposition (Yarnell et al., 2010, 2015).
Thus, instead of prioritizing e-flow releases downstream of hydropower
plants as a restriction to water allocation (hydropower generation), we
propose framing the problem by considering sensitive environmental
sites as water users in the hydro-system (basin scale). Each user has
specific water and land demands according to the ecosystem function(s)
willing to be restored (e.g., fish migration and reproduction). This sys-
tems analysis approach also addresses barriers to e-flows implementa-
tion by looking at the entire catchment, as opposed to individual
facilities (Facincani Dourado et al., 2023).

2.2. The environmental compensation fund mechanism

As economic impacts vary within a cascade system when restoring e-
flows, to avoid financial risks to the hydropower plants whose operation
is more impacted, we propose the creation of a compensation fund
covering the entire basin. The management of this fund could be
entrusted to the basin authority, aligning with the approach suggested
by Arjoon et al. (2016) in their analysis of sharing benefits from water
allocation in transboundary basins.

The proposed basin-wide total economic compensation amount
considers the difference in economic outcomes between operating the
system without restoration goals (traditional operation at Tier 10, Fig. 2)
and operating the system with an agreed level of restoration at target
sites. This ensures that negatively impacted hydropower plants are fairly
compensated for their economic losses, while the gains from hydro-
power plants that are positively impacted contribute to offsetting these
losses.

The economic losses should encompass both revenue deficits or/and
the need to supplement their energy supply by purchasing from other
power suppliers. Electricity markets typically offer trading arrange-
ments, such as spot markets, where electricity suppliers have the flexi-
bility to purchase electricity from other sources at varying (usually
higher) prices to fulfill their supply contracts. Thus, the compensation
fund should adequately address such economic implications faced by
hydropower plants in the context of the electricity market dynamics.
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Fig. 3 represents the money fluxes between end-use consumers and
hydropower plants in the compensation fund mechanism. End-use
consumers, such as industries and irrigation districts purchasing elec-
tricity from the suppliers of the cascade system, contribute to the
compensation fund based on the compensation amount required to
implement a given tier (Tier 5 in figure case) and their respective share
of energy consumption (Consumers X and Y in figure case). The total
amount is then redistributed among the affected hydropower plants,
according to their losses (Supplier A and B in figure case).

To avoid the uncertainty of oscillating compensation costs for the
electricity buyers, a constant average contribution amount could be
determined based on a long-term requirement estimation, subject to
periodic review. For example, the contribution amount could be derived
from an average long-term compensation requirement (e.g., 10 years
planning) with periodic reviews. This proposal prevents cost oscillations
for electricity buyers, which is crucial for mitigating risks when they opt
for sustainable sources.

Finally, the electricity bill on the consumer would include two
charge components: one to cover the consumed electricity (as is usual),
and another to address the compensation fund proportion. The
compensation amount would then be distributed among the hydropower
plants in the basin based on their individual economic impacts on-
demand. This approach ensures that the burden of compensation is
shared among electricity buyers according to their consumption levels
and decision to opt to purchase electricity from a more sustainable
operation powerplant. Furthermore, the compensation amounts are
reallocated to the affected hydropower plants based on the extent of
their economic losses with respect to business-as-usual conditions.

2.3. Simulation of the compensation fund to sustain sustainable
hydropower operation practices

To demonstrate the implementation of the proposed methodology,
three main steps were followed, as demonstrated in Fig. 4. The first step
involved defining the study area and identifying the specific ecological
function(s) and environmental site(s) targeted for restoration within the
watershed. This process required establishing ecological-flow relation-
ships to guide the restoration efforts.

The second step involved the quantification of the economic impli-
cations of implementing e-flow restoration solutions (trade-off analysis).
This process required implementing an integrated ecosystem-
hydropower economic model. In the third step, the compensation
budget amount required to finance sustainable operations and its spatial
distribution were calculated together with the impacts on electricity
buyers.

The proposed framework provides a starting point to highlight the
potential role of the electricity market in supporting flow regime
restoration initiatives in hydropower systems. Yet other specific market
issues, such as transaction costs, the broader effects of alternative energy
sources and price dynamics, and how the supply deficit resulting from
reduced hydropower generation would be compensated by other energy
sources, are beyond the scope of this study.

2.3.1. Defining the study area and the ecosystem functions to be restored

The methodology is applied to the Parand River Basin in Brazil,
which hosts a cascade of 65 hydropower plants with a combined
installed capacity of 48,381 MW, representing approximately 50 % of
Brazil’s total reservoir storage (Agéncia Nacional de Aguas, 2020; CCEE,
2020). Currently, the e-flow requirements in this basin are based on
fixed minimum flow constraints downstream of the hydropower plants
(ONS, 2022).

For the analysis of flow regime restoration, a specific environmental
site was chosen located between two major power plants: Porto Pri-
mavera (1540 MW) and Itaipu (14,000 MW). This site is particularly
important as it represents the last remaining dam-free lotic environment
within the original floodplain. With a length of 230 km, it still retains
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Fig. 3. The electricity market as a financing mechanism to implement e-flows for ecosystem restoration.
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Fig. 4. Steps applied to simulate the electricity market as a cost-sharing mechanism to implement sustainable hydropower operations.

some natural characteristics that promote floodplain connectivity and
provide suitable conditions for fish migration and spawning (Agostinho
et al., 2008). The hydropower plants upstream and the first downstream
to it (53 in total) were used to evaluate energy production and eco-
nomic/environmental trade-offs. The spatial location is demonstrated in
Fig. 9.

The performance of the flow restoration was measured by a clear
ecosystem indicator, which is the recruitment abundance of migratory
fish species. Many studies evaluating the modification of downstream
flow regimes by reservoir operations highlight a functional simplifica-
tion of the ichthyofauna diversity, often with poor representation of
migratory fish species (Cooper et al., 2017; Loures and Pompeu, 2018;
Pringle et al., 2000) that require both habitat connectivity and flow
availability to sustain this ecological function.

The fish-flow model was based on Dalcin et al. (2022), which applies
an artificial neural network (ANN) method to predict the annual
migratory fish abundance using annual flow regime metrics (indices) as
predictors (Equation (1)). In our study area, we selected nine specific
indices that capture both dry and rainy seasons, as well as conditions
historically associated with fish migration and the initial growth of
migratory species in the region. These indices include flood duration for
different magnitude thresholds during the wet and dry seasons, flood
delay in the wet season, number of flood pulses during the wet season,
uninterrupted flood duration during the wet season, and interannual
flood occurrence.

The fish-flow model was previously trained based on the observed
time-series of daily streamflow/level and fish sampling data during the

1992 to 1994 and 2000 to 2019 campaigns. The migratory fish abun-
dance was represented by the sum of five long-distance migratory fish
species Brycon orbignyanus, Pseudoplatystoma corruscans, Pterodoras
granulosus, Prochilodus lineatus, and Salminus brasiliensis, which are be-
tween the most abundant among the long-distance migratory fishes
native to and present in the study area (Agostinho et al., 2007; Oliveira
et al., 2015).

8ky =, {ﬂk + ZWj.k% <ﬂ,~ + Zwi.jxi.y> } (€3]
7 i

Where the index j represents the hidden neurons, i represents the input
neurons, and k represents the output neurons, X; is a vector of the input
variables (represented by the flow regime indexes), g are the output
variables (represented by the migratory young-of-the-year fish abun-
dance; k = 1). f} and p; are the biases associated with the hidden and
output layers, ¢, and ¢, are activation functions for the hidden and
output layers (here represented by the sigmoidal function).

2.3.2. Determining trade-off costs between traditional and sustainable
operations

The fish-flow model was coupled to a hydro-economic model to
derive operating policies (e-flow restoration solutions) for the multi-
reservoir hydropower system. We applied the Dynamically Adaptive
Environmental Flows (DAE-flows) approach from Dalcin et al. (2023a),
which allows to design flexible e-flow solutions that are dynamically
reconfigured along the time horizon on demand, adapting as system
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conditions change (e.g., hydrological and storage conditions). Such so-
lutions conserve water in some periods, at the expense of some
ecosystem loss (e.g., fish recruitment) to improve long-term ecosystem
functioning.

The hydro-economic model defines how much water to release r;, at
which time, from which node of the hydro-system (dams or environ-
mental sites) and under which system state conditions (i.e., storage s;
and inflow q;) in order to maximize the sum Z of the sequence of benefits
ft from system operation over a planning period T (Equation (2)). The
model is based on the stochastic dual dynamic programming approach
(Pereira and Pinto, 1985; Tilmant and Kelman, 2007), an established
approach to model explicit stochastic systems avoiding issues of
dimensionality, used in hydropower systems, including Brazil (Maceira
and Damazio, 2006; de Matos et al., 2015) and Norway (Helseth et al.,
2022).

T
Z=max E Zf,(shq,,r,)Jrv(sTH) 2)
P

=S8 +q,—e — S 3

where variables in bold represent the vector of nodes, t is the time-step
(e.g., monthly, weekly); S; is the storage vector at stage t; q; is the inflow
vector at stage t; and r, is the release vector at stage t; e, is the evapo-
ration vector variable, E is the expectation operator to observed hy-
drological conditions given the previous hydrological states, and v(s7.1)
is the terminal value function. Discounting is not shown for notational
simplicity.

We evaluated the opportunity cost of different levels of flow regime
restoration and hydropower production by coupling the hydro-
economic model with a multi-objective evolutionary algorithm named
Borg MOEA (Hadka and Reed, 2013), which has been successfully
applied in the investigation of adaptive operating policies, water man-
agement infrastructure and stakeholders’ interests, as seen in Rodri-
guez-Flores et al. (2023), Gold et al. (2023), and Deb et al. (2023). The
higher the preference for the ecosystem preservation, the higher the
implementation of e-flows that sustain fish migration and reproduction
along the planning horizon, and therefore the lower the energy pro-
duction. The solutions resulting in better hydropower and environ-
mental performance conform a Pareto frontier.

For the hydropower objective function (OF1), the performance in-
dicator consisted in maximizing the sum of the total cascade dams N
hydropower generation along the planning horizon (Equation (4)). For
the environmental objective function (OF2), the performance indicator
of the hydro-system operation was measured as the risk (from 0 to 1) of a
given operating solution to limit migratory young-of-the-year fish
recruitment over the planning horizon (Equation (5)).

T
Z:lzl E ITIP‘:| “
=1

OFI : max

OF2 : min [Ecosystem Risk Index; = w1 x (1 — reliabilityr) + w2 = (1
— resiliencyr) +w3 * (vulnerabilityr)) 5)

The e-flow restoration solutions were designed based on three
hydroclimatic scenarios to incorporate the implications of climate
change on hydropower generation and ecosystem preservation. The first
scenario considered the historical pattern as representative of the future
hydroclimatic conditions. This scenario was called historical climate and
considered naturalized flow time-series spanning from 1994 to 2019,
according to data from (ONS, 2021). The second and third scenarios
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considered hydroclimatic projections spanning from 2021 to 2065 from
two climate models, Eta-MIROCS5 and Eta-HADGEM2-ES, under RCP 4.5
and 8.5 emission scenarios, respectively (Dalcin et al., 2023b). These
scenarios were called minor and major climate change scenarios and
were selected as they represent minimum and maximum extremes of
climate change conditions in the region (Chou et al., 2014; INPE, 2021).

For the simulation of the hydro-system operation, synthetic time-
series for a 20-year planning horizon were generated based on each
climate scenario. The planning horizon thus encompasses different se-
quences of water year types, which gives enough room to identify the
ecosystem and hydropower performance in the long run. Fig. 5 presents
the Pareto Front results obtained for each hydroclimatic scenario in a
total 20-year planning horizon.

2.3.3. Calculating the compensation fund to finance sustainable
hydropower operations

The time-step environmental compensation fund amount was
calculated as the basin-wide economic energy revenue change to meet a
certain level of flow regime restoration with respect to traditional
operation (Equation (6)). To determine the contribution of electricity
consumers to the basin-wide fund (Equation (7)), it was considered the
average long-term compensation fund requirement and the ratio be-
tween the individual electricity buyer consumption (ConsumerDemand,)
and the basin-wide electricity production (BasinProduction,). The basin
compensation balance (BasinBalance,) at each stage (year) was deter-
mined by Equation (8).

N
BasinBudget, = Z(Energy,,.,,d.,,_,xPrice,md,, - Energym,,‘,xPricem.,) 6)

n=1

T
>~ ConsumerDemand,
=1

T
< BasinBudget,)
ConsumerContribution, = | ~="

T T
>~ BasinProduction,

t=1

)

I
Z ConsumerContribution;

i=1

BasinBalance, = BasinBalance; | +

— BasinBudget, | + other funding sources (8)

where, the index n represents the hydropower plants, i is the electricity
buyers, T is the total planning horizon (e.g., 10 years), Trad represents
the traditional operation and Sus represents the sustainable operation.

In this study, we adopted the marginal electricity value practiced in
the spot market (real-time market) as the hydropower price to calculate
the economic losses (or complementation of the generation from other
sources to honor their contracts). In Brazil, the spot market price rep-
resents the cost of producing an additional unit of energy in the overall
interconnected power system and is expressed in dollars per megawatt-
hour ($/MWh) (CCEE, 2018).

Although different factors influence spot market prices, such as hy-
drological conditions, and demand and supply balance, we considered a
reference spot market value to quantify the economic impacts along the
planning horizon in the example of application to demonstrate the
methodology (and equal to all modeled hydroclimatic scenarios). The
reference value was based on the median monthly value of the historical
period 2001-2022 (CCEE, 2023), which results in R$100/MWh (Bra-
zilian currency) or $20/MWh (applying a conversion rate of 5 R$/$). For
simplification, we did not apply a discount/interest rate over the period
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of analysis.
3. Results and discussion

3.1. Economic losses and compensation fund analysis along the planning
horizon

The annual energy loss in the Parand hydropower cascade resulting
from adopting a sustainable operation strategy varies depending on the
level of flow regime restoration and the hydrological conditions. Fig. 6
illustrates the variability in energy loss when producing energy under
very low to high environmental performances (Tier 10 to 1) for each
hydroclimatic scenario. These values represent the trade-offs between
energy production and environmental performance, with higher envi-
ronmental gains leading to higher energy losses in the system.

For the historical scenario, the annual energy losses associated with
achieving the highest environmental performance (Tier 1) reached up to
10 % in the system. In the minor climate change scenario, the energy
losses almost doubled, reaching approximately 18 %. Under the major
climate change scenario, hydroclimatic changes pose a big challenge to
hydropower production and ecosystem historical functioning, leaving
limited options to manage water between both users (as we can see in
the initial years of Fig. 6 — right graph).

Fig. 7 presents the energy production frequency curve between the
two tiers. Operating the reservoir system under Tier 1 (very high envi-
ronmental performance) instead of Tier 10 (very low environmental
performance) would mean a trade-off of 0,1 GWh/year 90 % of the time,
considering historical climate. Under future climate change scenarios,
there is not only a significant loss in the energy produced, but also a
reduction in the difference from Tier 1 to Tier 10, likely due to more
severe water scarcity, which reduces the possibilities to shift water
allocation from hydropower to e-flows.

Such energy losses translate into economic impacts that can be
compensated through the proposed cost-sharing mechanism and envi-
ronmental compensation fund. Fig. 8 illustrates the range of the annual
compensation amount throughout the simulated horizon and under
different sustainable operation tiers.

For the historical climate scenario (Fig. 8 - left graph), the environ-
mental fund requirement averaged $129 million/year under Tier 1 (very
high environmental performance), ranging from zero in years with high
water availability to $415 million/year in years with lower water
availability. For the minor climate scenario (Fig. 8 - middle graph), the
environmental fund requirement averaged $266 million/year under Tier
1, ranging from zero in years with high water availability to $760
million/year in years with lower water availability.

It is possible to reduce the compensation values, however, with a
higher ecosystem risk. For an intermediate environmental performance
(Tier 5), the results indicate an annual average revenue to the envi-
ronmental compensation fund of $15 million/year under the historical

Historical climate

Minor climate change
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scenario, ranging from zero (in years with high water availability) to
$139 million (in years with low water availability). For the minor
climate scenario, the values averaged $102 million/year under Tier 5.
Under the major climate change scenario (Fig. 8 - right graph), the
hydroclimatic changes indicate no operating practices achieving an
ecosystem risk below 0.5. It implies that future tiers may be associated
with diminished perfomances.

Relative to the compensation amount per GWh produced, the results
show average compensation amounts of $631/GWh under Tier 1 and
$70/GWh under Tier 5 for the historical climate scenario. In other terms,
this means that for each GWh of energy commercialized, the compen-
sation requirement is $70 to achieve Tier 5 or $631 to achieve Tier 1. For
the minor climate scenario, the values ranged from $1510/GWh under
Tier 1 and $555/GWh under Tier 5.

3.2. Economic impact on electricity consumers

To calculate the impact on different electricity consumers, we
applied two hypothetical consumption scenarios. In the first scenario, a
company buys 20 GWh/year through the competitive market from a
hydropower plant part of the modeled cascade system operating under
Tier 5 of restoration. Based on the results of section 3.1, which identified
an average annual basin compensation fund of $15 million/year along
with average basin production of 2.1 x 10> GWh/year for the historical
climate scenario, the annual contribution from this company to the basin
compensation fund, calculated using Equation (7), would amount to
$1429/year, averaging about $120/month.

Considering energy contracts with electricity prices varying from 25
% to 100 % of the spot market value (from $5/MWh to $20/MWh, see
section 2.3.3), the compensation requirement translates into an increase
of 0.35 %-1,4 % in the company’s energy bill.

Similarly, to achieve Tier 1 of restoration, the annual contribution
from this company to the basin compensation fund would amount to
$12,285/year, averaging about $1023/month. Thus, a higher increase
in the energy bill is expected, ranging from 3.1 % to 12.3 %. Despite the
higher price, companies and organizations can gain benefits by
enhancing indicators that measure their sustainable practices within the
market. For instance, they might focus on improving Environmental,
Social, and Governance (ESG) indicators (Boffo and Patalano, 2020),
which serve as a tool for investors, consumers, employees, and regula-
tors to assess a company’s commitment to sustainable and responsible
practices.

The second scenario simulates a residential electricity consumption.
A utility company that distributes energy to different cities with 20
million inhabitants in total (as an approximation of the Sao Paulo
metropolitan area) purchases energy from the generators of the same
modeled cascade system. Considering an average annual residential
demand per capita of 792 kWh/year (EPE, 2022) (which totalizes an
annual consumption of 15,840 GWh/year) and the same average
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compensation requirement of $15 million/year along with basin pro-
duction of 2.1 x 10° GWh/year to operate under Tier 5, the utility
company’s total annual contribution to the basin compensation fund
would amount to $1.13 million/year. Under Tier 1, the utility com-
pany’s total annual contribution would amount to $9.9 million/year.

Considering an average residential electricity bill of $119/year
(ANEEL, 2023), the incremental cost with the compensation fund would
represent an increase of 0.06 % in the individual residential energy bill
under Tier 5 (assuming all residents buy from the utility company) and
0.42 % under Tier 1.

Such a mechanism allows different electricity end-use consumers,
including companies, residents, and irrigation districts, to contribute to
ecosystem restoration through a clear mechanism. This approach
contrast with a simple equal distribution of the compensation amount
among the population, which often lacks clear arrangements, goals, and
consideration of varying end-use consumer demands.

3.3. Spatial distribution of compensations

Although sustaining environmental water demands leads to a nega-
tive economic impact balance in the cascade system, hydropower plants
within the system may experience varying degrees and types of impacts.
In the study area, the results indicate that two specific hydropower
plants are significantly affected by flow regime restoration measures.
Fig. 9 shows that these plants (the higher the circle, the higher the
impact magnitude) are situated at the junctions of tributaries or sub-
basins, which means they bear the brunt of accumulated impacts both
from upstream and lateral sources. Negative impacts are also scattered
within the headwaters of tributaries.

On the other side, increased downstream flows at the expense of
upstream depleting storage, can positively impact subsequent hydro-
power plants along the cascade. This pattern highlights the importance
of implementing a compensation budget that considers the varying
impacts experienced by different hydropower plants, rather than
applying static compensation rates that could disproportionately
penalize plants with higher losses. In the long-term, an average of 7 % of
the compensation amount can be internally produced by gaining hy-
dropower plants, which reduces the financial burden on electricity
consumers.
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4. Limitations and further considerations

The implementation of the compensation scheme as proposed here is
likely to face some institutional challenges, mostly due to the need to
integrate both water and energy planning, as highlighted in Rhein-
heimer et al. (2023). While an in-depth discussion of those aspects is
beyond the scope of this study, we address some key issues in this section
as a starting point for further reflection to support the implementation of
the proposed compensation solution in a near future.

While in the short term the energy trade-offs can be adjusted and
compensated, in the long term they will eventually reflect on the plan-
ning for energy sources expansion. Hence, the selection of the desired
operating tier (environmental goal) requires a careful consideration of
the impacts (and costs) on the long-term energy expansion planning. The
energy trade-offs and funding compensation mechanism proposed here
can be useful in the evaluation of the economic feasibility of future ar-
rangements of power production under consideration of environmental
impacts.

Additionally, the current transitional moment in which electrical
grids throughout the world find themselves involves the increasing
participation of non-dispatchable renewable sources, especially wind
and photovoltaic solar. Notable characteristics of non-dispatchable
renewable sources include the inability to produce synchronicity and
the inability to store energy (IEMA, 2016). In this context, the use of
water storage to mitigate power fluctuations from non-dispatchable
sources may affect the capacity to meet e-flows, which brings the need
for more energy storage solutions and planning.

Although we modeled a hydropower-dominated use basin, other
competing water users (e.g., irrigation) can be included in the problem.
It is important, however, that the trade-offs associated with other users
are excluded from the electricity compensation fund to avoid electricity
consumers bearing the impacts caused by these users. The multi-
objective evaluation framework and trade-off curves must be adjusted
to include the other demands, and the negotiation process must involve
the corresponding participants.

Finally, while the method was applied to a case study area with
specific features, other regions in the world can also benefit from a
similar approach, provided there is a clear identification of environ-
mental flows demands and their components, which may not be readily
available in many watersheds.
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The Mekong River, which originates from the Tibet Plateau and flows
through six countries (China, Laos, Myanmar, Thailand, Vietnam, and
Cambodia) (Li et al., 2017), exemplifies the need to bridge between
operators and water managers in order to conserve the remaining
wetland ecosystems and restore floodplain connectivity and flow re-
gimes (Quan et al., 2018). Despite being considered the third most
biodiverse river systems globally (Intralawan et al., 2018), the conver-
sion of wetlands to agriculture and hydrological alteration due to hy-
dropower development have been a significant threat to its ecosystem
(Beveridge et al., 2020; Li et al., 2017).

In Chile, Alvarez-Garreton et al. (2023) point out that safeguarding
long-term ecological river functions requires changes in environmental
flow limits and the water allocation process. The Nile Basin, although
having a well-developed strategy for the management of e-flows, the
high dependence on local donor funding is a constraint on e-flow
implementation and monitoring of outcomes (Arthington et al., 2023).
All these examples highlight that successful, long-term conservation
initiatives will likely necessitate significant investments and careful
consideration of trade-offs.

5. Conclusion

This study examined the potential role of the electricity market in
financing the restoration of flow regimes to meet biological and physical
needs of riverine ecosystems in hydropower systems. By identifying
hydropower plants with sustainable operation within the portfolio of
power sources, the framework takes advantage of market trading
mechanisms where electricity consumers can purchase electricity from
these generators and contribute to a compensation fund aimed at off-
setting the economic losses incurred. Four main conclusions can be
drawn from the proposed approach.

Financing e-flow restoration is likely to be less costly when shared
more equitably. The electricity market possesses several desirable ele-
ments to facilitate the implementation of e-flows, including an institu-
tional framework (trading mechanisms), operational coordination of
power supply with a focus on economic efficiency, and existing mech-
anisms for auditing. By taking advantage of this existing framework, we
can reduce transaction costs.

By incorporating hydrological conditions into the calculation of the
compensation amount, it can provide more flexibility to negotiate water
reallocation between users, especially during different water type years.
The opportunity to increase energy production in some hydropower
plants (when part of a cascade system) can also help reduce the cost of
compensation to end-use consumers.

As there is no single solution for meeting e-flows, to properly define a
compensation amount one must negotiate the trade-offs, here repre-
sented by operating tiers. Both the selection of the environmental
objective (operating Tier) and the compensation mechanism should be
planned together.

The compensation fund contributes to signaling the economic value
of externalities in energy production. For the study case, achieving
varying levels of ecosystem restoration resulted in an energy bill in-
crease of less than 1 % for residential users. For larger companies, the
increase ranged from less than 1 %-12 %.

Finally, the results and conclusions of this study have significant
implications for policy development.

Pathways to restore environmental flows under changing climate
and competing water demands need new solutions with integrated water
and energy policies. The study highlights that hydropower-based elec-
tricity production carries environmental externalities that may be
challenging to manage without appropriate price signaling. By better
integrating water and energy policies, the easier it becomes to imple-
ment approaches such as the one proposed here.

Future drier climates can further reduce hydropower generation,
which can also limit the opportunity to allocate water to e-flows. In this
case, the proposed compensation mechanism can be useful to allow a
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gradual transition to higher performance environmental policies, while
allowing more resources to be invested in other power generation
sources that are less dependent on water. This strategy could facilitate
the transition and adaptation to future drier conditions, while restoring
environmental sites.
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