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Abstract. In deregulated electricity markets, hydropower 1 Introduction

portfolio design has become an essential task for producers.

The previous research on hydropower portfolio optimisation

focused mainly on the maximisation of profits but did not Since the global electricity reform process began in the
take into account riverine ecosystem protection. Although1980s (Zelner et al., 2009; Wang and Chen, 2012), and es-
profit maximisation is the major objective for producers in pecially after the 1990s, market-oriented reforms in the elec-
deregulated markets, protection of riverine ecosystems mudfic power industry were implemented in many countries to
be incorporated into the process of hydropower portfonoallocate electricity more efficiently through market mecha-
optimisation, especially against a background of increasindisms (Cai et al., 2009, 2011; Williams and Dubash, 2004;
attention to environmental protection and stronger opposi-sai, 2011; Wu, 2012). In the process of reform, vertically
tion to hydropower generation. This research seeks maim)}ntegrated electricity utilities were restructured and unbun-
to remind hydropower producers of the requirement of riverdled, and competition has been introduced into generation
protection when they design portfolios and help shift port-@s Well as the wholesale and retail segments of the indus-
folio optimisation from economically oriented to ecologi- try (Pollitt, 2009; Holmberg, 2011; Mulder, 2011). In dereg-
cally friendly. We establish a framework to determine the ulated markets, hydropower producers usually own genera-
optimal portfolio for a hydropower reservoir, accounting for tion resources and are allowed to participate in any submar-
both economic benefits and ecological needs. In this framekets such as bilateral contract and spot markets (Karandikar
work, the degree of natural flow regime alteration is adoptedet al-, 2010; Ramos et al., 2010). Maximising profits is usu-
as a constraint on hydropower generation to protect riverinélly their sole objective for participating in the market (Liu et
ecosystems, and the maximisation of mean annual revenu@l-: 2009). To maximise profits, hydropower producers need
is set as the optimisation objective. The electricity volumest0 devise their own strategies for portfolio design (Shen and
assigned in different electricity submarkets are optimised byYang, 2012).

the noisy genetic algorithm. The proposed framework is ap- EXtensive research has been performed to optimise hy-
plied to China’s Wangkuai Reservoir to test its effectiveness. dropower portfolios. Bjgrgan et al. (1999) integrated the op-
The results show that the new framework could help to detimisation of future contract and power scheduling based on
sign eco-friendly portfolios that can ensure a planned profitiSk management in a static mean-variance framework, and

and reduce alteration of the natural flow regime. the efficient frontier was used as a tool to identify a pre-
ferred contract portfolio. Using a continuous-time frame-

work, Keppo (2002) proposed a model for optimal long-
term electricity trading strategies and the associated produc-
tion process by maximising production and terminal water
reservoir level in the case of multi-reservoir hydropower sys-
tems. Fleten et al. (2002) used a four-stage stochastic pro-
gramming model with 256 scenarios for simultaneous risk
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management via contracts and hydropower generation plartheir ecological protection effects may not be as effective as
ning on a 1.5-year horizon. Shrestha et al. (2005) presentedxpected under the conditions of improperly designed port-
a portfolio management technique to optimise expected revfolios. Meanwhile, the effects of portfolio optimisation on
enue for a hydropower producer, a scenario that utilises tregver protection need to be displayed by the influence on hy-
analysis with corrective recourse actions for probable scenardropower operation. Research on the optimal portfolios must
ios. The effect of contract position adjustment is also anal-be performed with the consideration of both economic ben-
ysed to minimise revenue variation from the expected valuegfits and ecological needs, which can provide the basis for
for risk-averse producers. Liu et al. (2009) present a stochasdeveloping eco-friendly reservoir operating rules.
tic linear programming framework for hydropower portfo-  This research seeks to remind hydropower producers of
lio management with uncertainty in market prices and in-the requirement of river protection when they design the port-
flows on medium term, in which the uncertainty was mod- folios and to help the producers design eco-friendly port-
elled as a scenario tree using the Monte Carlo simulatiorfolios. In this work, we extend previous research on hy-
method, to maximise the expected revenue over the entirdropower portfolio optimisation and establish a framework
scenario tree. These approaches could effectively optimiséo determine the optimal portfolio of a hydropower reservoir,
hydropower portfolios and maximise the total profit of hy- accounting for both economic benefits and ecological needs.
dropower producers. However, none of the previous researchihis framework may help mitigate the impact of hydropower
on hydropower portfolio optimisation considered the need togeneration on riverine ecosystems, especially for the situa-
protect riverine ecosystems. tion where the tension between river protection and power
The determined portfolios could give two important re- generation is very severe.
sults: (1) the optimal electricity volume that should be gen-
erated for each period (day, week, month, etc.); (2) the op-
timal allocation of the generated hydropower among differ-2  Methods
ent electricity submarkets. The electricity volume determines
the water volume that should be released to the downstrearn.1  Framework for determining optimal hydropower
rivers, and in turn determines the degree of flow regime al- portfolios for both riverine ecosystem and producer
teration. Flow regime alteration is the major cause of riverine needs
ecosystem degradation (Bunn and Arthington, 2002; Babel
etal., 2011; Kern et al., 2012; Bhatt and Khanal, 2012). Due2.1.1 Determining the submarkets for participation
to the difference of electricity price among different submar-
kets, the electricity allocation among different submarkets asSubmarkets available for hydropower are not the same for
well as the total generated electricity volume determines theeach country in the world. Three common markets are bi-
revenue of hydropower producers. Thus, the determinatiorateral contract (future), day-ahead, and real-time balancing
of hydropower portfolio before hydropower generation is es- (Alaywan and Wu, 2002; Kranz et al., 2002). Day-ahead and
sential for both riverine ecosystem protection and producereal-time balancing markets are also called spot markets. Par-
needs. Although profit maximisation is the major objective ticipants in the electricity market face the risks of unknown
for producers in deregulated markets, the need to reduce flowlemand and price (Aggarwal et al., 2009; Eichhorn et al.,
regime alteration must be incorporated into the process of hy2009). To avoid revenue risks, hydropower producers and
dropower portfolio optimisation for riverine ecosystem pro- grid companies like to make long-term or mid-term elec-
tection, especially with the background of increasing atten-tricity supply contracts, forming the bilateral contract market
tion to environmental protection and stronger opposition to(Lin and Wu, 2008). In a bilateral contract, the trading power
hydropower generation (Jager and Smith, 2008; Chen et alyolume and power price are designed by the power producers
2012). and grid companies, and will not change during the contract
Many new reservoir operating methods have been projperiod. In the day-ahead market, participants submit sell/bid
posed to better sustain environmental flows (e-flows, the vol-offers for electricity for the following day. These offers con-
ume of water that should remain in a river and the variationsist of a quantity of energy to be sold or purchased and a de-
of this provision over time to maintain specific indicators of sired price, where sell offers correspond roughly to each pro-
ecosystem health) in rivers (Richter, 2010; Shiau and Wuducer’s marginal cost of energy production. The system op-
2010; Brown and King, 2012). These methods are river pro-erators then rank sell offers from least to most expensive; the
tection approaches at the hydropower generation stage. Porast sell offer required to satisfy day-ahead forecast demand
folio determination is a task that occurs before hydropowerclears the market, and the marginal cost of increasing power
generation. The designed hydropower portfolio can signifi-supply by one additional megawatt determines the market-
cantly influence reservoir operation through the influence ofclearing energy price. Sellers with offers equal to or below
planned electricity volume and in turn the water volume re-this price then generate revenue equal to their respective
leased to the downstream rivers (Chen et al., 2012; Yin et al.bid quantities multiplied by the market-clearing price (Roth-
2011, 2012). Even if the reservoir operating rules are refinedyell and Gomez, 2003). In the real-time balancing market,
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system managers coordinate an hourly real-time energy maifo address this problem, the optimisation objectives need to
ket, which is used to meet real-time electricity demand whenbe set first. An optimisation objective can be set as one of
it varies relative to day-ahead forecasts. An hourly real-timetwo conflicting objectives, i.e. maximising the overall profit
market clearing price is determined in a manner similar tofor a given planning period or reducing the degree of alter-
that of the day-ahead market (i.e. via the ranking of bid/sellation of the flow regime. The other objective can be set as
offers), and transactions are consummated as necessary ¢me constraint by assigning a threshold accepted by the hy-
meet real-time demand (Lambert, 2001). The price in thedropower producers or river protectors. Alternatively, the two
spot market is uncertain, and it could be higher than, lowerobjectives could be integrated into one by some mathemati-
than or equal to the price in the contract market. cal method such as compromise programming or weighted

The hydropower producers choose the submarkets iraverage.
which they want to participate. The selection depends Constraints for portfolio optimisation include maximum
to some extent on the risk preferences of the producerpower generation capacity, water release capacity, reservoir
(Shrestha et al., 2005; Botterud et al., 2010). Risk-takingmaximum storage capacity, etc. If either of the two objectives
producers tend to participate in the spot market for possiblyis chosen as a single optimisation objective, the constraints
higher profit despite higher risk. Risk-averse producers paralso need to include the threshold for the other objective,
ticipate in the bilateral contract market that is more reliable,i.e. the minimum acceptable overall profit or the maximum
although extensive research supports short-term bidding foacceptable degree of flow regime alteration. The water mass
potentially higher revenue. Risk-neutral producers tend tobalance also needs to be considered (Liu et al., 2009).
participate in both the bilateral contract and spot markets.

2.1.4 Choosing the solution method under uncertainty

2.1.2 Determining the rules for reducing flow regime

alteration In a deregulated market, portfolio optimisation is faced with

the uncertainty of reservoir inflows and spot electricity prices
n- (Fleten et al., 2002). A series of methods has been devel-
| oped to obtain optimal solutions under uncertainty, such as

1997, 2010), hydropower generation will inevitably lead to, stochastic dynamic programming, stochastic dual dynamic

changes. A possible method to reduce flow regime alteratiorprogramm'ng' stoghastlc prpgrammmg combined with sce-
would be to apply a type of e-flow provision strategy (such 210 trees, and noisy genetic algorithms ((;h:.:mg'et al., 2005;
as sustaining the minimum e-flows and ensuring several higfFen, 2003; Chen et al., 2007). The optimisation method
flow pulses, etc.) and optimise the parameters related to thBe€ds 0 address these uncertainties.

hydropower portfolio to minimise alteration of the natural )

flow regime or restrict the degree of alteration to a specified?-2 Methods used in the case study

threshold. This method has been applied extensively in re-

search (Black et al., 2005; Richter and Thomas, 2007; Jage?-2.1  Range of variability approach

and Smith, 2008; Yin et al., 2011, 2012). h f variabili h ich |
Reservoir operators can use different e-flow provisionT e range of variability approach (RVA) (Richter etal., 1996,

strategies depending on their attitude toward riverine ecosy31997’ _1998) ha; beep widely u;ed fo.r.assessing flow regime
tems. Sustaining the minimum e-flow is a commonly USedalteraﬂor? and dlrectmg hydraulic facility operations (Galat
strategy for real-world e-flow provisions. This strategy can and Lipkin, 2000; Shiau and Wu, 2004, 2006, 2007; Zhang

provide basic protection of the riverine ecosystem, avoidinget alr;’hzcéogl)' Acc:)_rdcl;_wg to the RZA’.a r;lfnge ofhvarlatlonl fr? '
severe degradation. To sustain ecological functions relate§2ch Nydrological indicator was derived from the natural hy-

to high flows, some research proposes occasional high-flovf}irOIOgical time ser.ies and was set as the flow management
releases for habitat improvement (Ligon et al., 1995; Goretarget. A range defined by the 75th and 25th percentile flows

et al., 2001; Renofalt et al., 2009). To better protect river-has been recommended as the management target (Richter et

ine ecosystems, hydropower operators can develop and appfy*’ %998)'_The (f:ler?re_e of alte(rja;;dhm, was us]:ed to E] easure |
more sophisticated e-flow strategies. e deviation of the impacted flow regime from the natura

one for themth hydrologic indicator, which was defined by

Although sustaining the natural flow regime is a basic pri
ciple for river protection and e-flow management (Poff et a

2.1.3 Setting the portfolio optimisation objectives and No. — N
‘ om @Ml x 100% )

constraints Dy, = N
em

Maximising the total profit for a given planning period whereN,, was the observed number of post-impact years
and reducing the degree of flow regime alteration arein which the value of the:th hydrologic indicator fell within
two objectives for hydropower portfolio design. However, its RVA target range, and/e ;, was the expected number of
the two objectives are in conflict and cannot be achievedpost-impact years in which the indicator value fell within
simultaneously, which is a typical multi-objective problem. the RVA target range. The average degree of alteration of
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these hydrologic indicators was applied to quantify the river'sthe hydropower supply contract for dayf year; (constant

overall impact, which can be expressed as follows: within 1 month, kwh); PI; is the hydropower price in the
day-ahead market for dayof year j (RMB kwh~1); DL;

D— 1 ZG: D @) is the bidding volume for power in the day-ahead market for

G~ " day k of year j (kwh); Ry; is the actual reservoir water re-

lease for dayk of year j; EF; is the minimum e-flow for

where D was the overall degree of flow regime alteration, dayk of year j; D is the degree of actual flow regime alter-

andG was the number of hydrological indicatols {s equal  ation under a certain portfolio; any is the specified thresh-

to 32 in this research). The degree of flow regime alterationold of degree of flow regime alteration.

can be categorised further into three levels: low alterations In the contract market, the producer and electricity grid

(values ofD between 0 and 0.33), moderate alterations (val-make an agreement on the contract load for each month and

ues ofD between 0.33 and 0.67), and high alterations (valueghe associated power price. In the day-ahead market, the pro-

of D between 0.67 and 1.0) (Richter et al., 1998). ducers need to determine the bidding volume for power. In
this case, we assume that the producers first use inflow and
2.2.2 Tennant method the water in the reservoir to produce electricity to satisfy the

To illustrate th licability of th q h contract load, and the producer will buy electricity from the
0 tllustrate the applicability of the proposed approach, We . o satisfy the contract load only when the available

use the Tennant method (Tennant, 1976), a simple and W'delglectricity is not sufficient. Because the electricity cannot be

used method, to determine seasonal minimum e-flows. .Tenétored, the bought electricity is set equal to the difference be-
nant method was recommenqled for e-ﬂo_vv assessmentin t een the contract volume and the available power volume.
“technical guidelines for environmental impact assessmenty . ise the following equations to determine the bidding vol-
for ecological water usage, low temperature water and fisi‘hme of power in the day-ahead market:

habitat facilities in the hydraulics projects” by the State En-
vironment Protection Administration of China (2006), and AE;; — CLy; > 0, DLy; = min [k; (AEy; — CLy;)
was applied by the Haihe Water Conservation Commis-

sion (2008) for the Hai River basin. Accordingly, the wet sea- PDy;. ME — CL"J]; ®6)
son e-flow was set at 30 % of average daily flow (ADF), andif AEx; — CLy; < 0, DLy; = AE; — Cly;, (7)
the dry season e-flow was set at 10 % ADF. More sophisti- ) ) o

cated methods could be used to replace the Tennant methodfhere Ag; is the available electricity volume that the hy-

enough hydrological, biological, and geomorphological datadropower plant can generate with the water in the reservoir

are available. and inflow for dayk of yearj (kwh); ME is the maximum
electricity production capacity for 1 day (kwh); akg is the
2.2.3 Optimisation objectives and constraints parameter for day of year; (kwh RMB~1).

In Eq. (6), kx;(AEr; — CLi;)PDy; means that the higher

In the following case study, the hydropower producer partici-the available electricity volume, the higher the day-ahead
pates in the contract and day-ahead markets according to thgower price, and the higher the bidding volume for power.
hydropower generation planning. The goal for hydropowerThere may be some alternative and more sophisticated equa-
portfolio optimisation is to maximise the mean annual rev-tions to replacek;(AEx; — CLi;) Py;. The equation forms
enue subject to specified e-flow management requirementsnay also influence the revenue of hydropower producers and
These requirements include the e-flow provision strategy andhe effects of riverine ecosystem protection. Further research
the specified threshold for the degree of flow regime alter-would be valuable to analyse the influence of equation forms
ation. The optimisation problem can be expressed by the foland the optimal forms. The parametggs and Cly; are two
lowing equation: variables that need to be optimised. We asskand Cly;
do not change over the period of 1 month and are the same
for each year. Thugy; and CL; both have 12 values.

The real electricity produced by a hydropower reservoir is
related to many factors such as the turbine release water dis-

L = max

Nl
Aagh:

T 365
Z (PG - CLyj + PDyj - DLy;), (3)
j=1k=1

which is subject to charge for power generation, the water head, and the coeffi-
cient of hydropower station power generation. The equations

Rij = ER;. (4)  for hydropower generation have been presented extensively

D < Dy, (5) in the literature (e.g. Cheng et al., 2008; Li et al., 2009; Liu

L o etal., 2011), and thus are not listed in the present paper.
whereL denotes the overall optimisation objective, ang PC

is the designed hydropower price in the hydropower sup-
ply contract for dayk of year j (constant within 1 month,
RMB kwh~1); CLy; is the designed hydropower volume in
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2.2.4 Noisy genetic algorithm Table 1. Details of price variations in the day-ahead market.
In hydropower portfolio optimisation, the future inflow and  Month Mean Maximum Minimum Standard
spot price are uncertain. The noisy genetic algorithm (NGA) (RMBkwh™)  (RMBkwh™)  (RMBkwh?) R"\’ﬂel;’f“ﬁfl
is an effective method to determine the optimal values of ¢ wh™)
parameters under uncertainty (Miller and Goldberg, 1996). ; 8-32 8-32 8'38 8-83
The NGA has been applied for stochastic reservoir opera- 3 027 045 0.20 0.03
tion (Yun et al., 2010), ground water remediation (Aly and 4 0.29 0.45 0.20 0.04
; .5 0.33 0.45 0.20 0.03
Peralta, 1999) and groundwate_r samplln_g network design ¢ 0.37 045 0.20 0.04
(Wu et al., 2005) under uncertainty. In this research, NGA 7 0.43 0.45 0.20 0.02
is applied to optimise the hydropower portfolio under uncer- 8 0.40 0.45 0.20 0.04
tainty of flows and spot price ? 04t 045 0.20 003
ainty o : pot price. . 10 0.38 0.45 0.20 0.05
The termnoisecan be defined as any factor that hinders 11 0.36 0.45 0.20 0.05
the accurate evaluation of the fitness of a given trial solu- 12 0.32 045 0.20 0.04

tion. In this study, noise refers to the stochastic nature of the

inflows and the power price in the day-ahead market. Most

components in the NGA are the same as in a simple geneti¢ Results

algorithm (GA). The main difference between the NGA and ) _
GA is in the fitness function. In the NGA, the fitness value Matlab 6.5 was used to apply NGA to determine the opti-
cannot be evaluated accurately because of the variability of?@l hydropower portfolio. The generation size and evolu-
monthly inflows. To overcome this difficulty, the fithess value 110N times were set at 600 and 1000, respectively. According
is substituted by the expected fithess value. The details of th® the Tennant method (Tennant, 1976), for the dry season

NGA can be found in Miller and Goldberg (1996) and Yun (November to April), the seasonal minimum e-flow (10 % av-
etal. (2010). erage daily flow) was 1.8 frs~2; for the wet season (May to

October), the seasonal minimum e-flow (30 % average daily

flow) was 5.4ms 1. The threshold for the degree of flow
3 Study site regime alteration is set at 0.67, the upper value for moder-

ate alteration of the flow regime (Richter et al., 1996, 1997,
The Wangkuai Reservoir is a key hydraulic facility in the 1998).
Hai River basin of China. The present effective storage ca- The optimised parameters are listed in Tables 2 and 3.
pacity of the Wangkuai Reservoir is 6.5210°m®, and the  These tables show that, during 5 of the 6 months in the wet
dead storage capacity is 0.8810° m*. The catchment area season, the contract load under the second e-flow provision
of the reservoir is 3770 kfn The installed hydropower gen- strategy is higher than the contract load under the first strat-
eration capacity of the Wangkuai Reservoir is 21.5 MW. In egy because, under the second e-flow strategy, the reservoir
this research, we focus on the hydropower generation funcis required to maintain several high flow pulses. The releases
tion of the Wangkuai Reservoir. The inflow data from 1971 of greater flows required by the second e-flow strategy make
to 1993 and the physical characteristics are used to simulatgigher contract loads reasonable. In addition, most (9 of 12)
hydropower generation and optimise the hydropower portfo-of the values for parametérunder the first e-flow strategy
lio. The producer considered in this paper is a price takerare higher than the values of parametainder the second
The hydropower price in the day-ahead market is shown ine-flow strategy, indicating that more water will be released to
Table 1 (Liu et al., 2009; Liu, 2009). The bilateral contract produce hydropower for the day-ahead market under the first
price between the Wangkuai Reservoir and the grid com--flow strategy than under the second strategy.
pany is 0.36 RMB kwh' (Hebei Province Municipal Price  The optimised mean annual revenues are 8 126 RMB
Bureau, 2009). and 7.55< 10° RMB under the two e-flow provision strate-

In this research, we consider two e-flow provision strate-gjes. The mean annual revenue under the second strategy
gies. In the first e-flow strategy, only the minimum e-flows s |ower than the mean annual revenue under the first strat-
are sustained. This strategy is most commonly used in realegy, possibly because the extra water releases to maintain the
world e-flow provisions. In the second e-flow strategy, in ad- high flows under the second e-flow strategy increase the pro-
dition to the minimum e-flows, occasional high-flow (flows portion of electricity assigned in the contract market, reduc-
falling above the 75th percentile of all flows) releases arejng the proportion of electricity assigned in the spot market,
required to sustain the ecological functions related to highwhich sometimes has higher prices than the contract price.
flows. In this research, we also assume for demonstration thathus, the extra requirement to sustain high flows for river

after three hlgh-ﬂOW events have occurred in a season, no furecosystem protection potentia"y reduces the proﬁts from hy_
ther high flows are released, following the research by Vogeldropower generation.

et al. (2007).
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Table 2. Optimised monthly volume of hydropower in the contract for the Wangkuai Resesvdigi kwh).

Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec

E-flow strategy1 8.86 7.27 10.35 10.18 14.18 1491 16.39 1865 1821 1785 7.50 7.78
E-flow strategy 2 9.21 7.86  9.47 9.26 17.69 18.35 19.47 21.11 20.81 17.36 875 7.70

Table 3.Optimised value of for each month for the Wangkuai Reservoir (kwh RVB.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

E-flow strategy1 1.13 086 0.78 0.72 081 092 103 135 148 0.78 131 0.98
E-flow strategy2 096 0.76 132 064 084 068 064 108 0.72 092 096 0.88

5 Discussion Table 4. Minimum degree of flow regime alteration under different
planned revenues and different e-flow provision strategies.

5.1 The influence and significance of incorporating

environmental policies in portfolio management Revenue 9.3%10° 6.63x10° 3.89x 1P
RMB RMB RMB

In previous research on portfolio optimisation, no specific Non-e-flow strategy 0.78 0.69 0.36

rules were used for e-flow provision. The e-flows are sup- E-flow strategy 1 0.72 0.61 0.31

plied only by the water released for hydropower generation. E-flow strategy 2 0.68 0.57 0.28

This strategy is called non-e-flow for short. In the following
section, we explore the influence of incorporating environ-
mental policies in portfolio management by comparing rev-
enue and flow regime alteration under the three e-flow stratestrategies are the same (0.31) because, under the non-e-flow
gies (i.e. the non-e-flow strategy and the two strategies estalstrategy, the releases are also greater than the minimum e-
lished in the study site section), possibly helping to test theflows in each month to achieve the minimum degree of flow
significance of incorporating environmental policies in port- regime alteration, and the contract load andre the same
folio optimisation. under the two e-flow strategies. Thus, if reducing the degree
We first determine the maximum mean annual revenueof flow regime alteration is taken as the key objective, it is not
(without the constraint of the threshold for flow regime al- necessary to incorporate the minimum e-flow requirement
teration degree) and corresponding degree of flow regimeas a constraint. The degree of flow regime alteration (0.21,
alteration under the three e-flow strategies. Under the threeorresponding to the revenue of 3.590° RMB) under the
strategies, the maximum revenue and the corresponding desecond e-flow strategy is obviously lower than the degree of
gree of alteration are 12.3810° RMB and 0.82 (non-e- flow regime alteration under the other two strategies, demon-
flow strategy), 10.2% 10° RMB and 0.75 (strategy 1), and strating the significance of assigning some high flows in the
9.37x 10° RMB and 0.68 (strategy 2). In comparison with e-flow provision rules.
the maximum annual revenue under the e-flow strategies 1 We further determine the minimum degree of flow regime
and 2 (10.2% 10° RMB and 9.37x 10° RMB), the non-e-  alteration corresponding to the mean annual revenues of
flow portfolio optimisation method achieves higher revenue.9.37x 10° RMB (the maximum mean annual revenue that
However, the degree of flow regime alteration correspond-all the three strategies can achieve), 3x8B0° RMB (the
ing to this high revenue is 0.82, obviously greater than theminimum mean annual revenue that all three strategies can
degree of alteration under the first and second e-flow provi-achieve), and 6.68 10° RMB (the median revenue that all
sion strategies (0.75 and 0.68). Thus, although the non-e-flothe three strategies can achieve) for the three e-flow pro-
portfolio optimisation method could yield higher revenue, it vision strategies. The results are listed in Table 4. Table 4
would come at the cost of degradation of the river ecosystemshows that the degree of flow regime alteration under the
To avoid severe degradation of riverine ecosystems, incorponon-e-flow strategy is always greater than the degree of flow
ration of an e-flow provision strategy into the hydropower regime alteration under the other two strategies, and the de-
portfolio optimisation process is necessary, at least with regree of alteration under the second strategy is always less
gard to sustaining the minimum e-flows. than the degree of alteration under the other two strategies.
The minimum degrees of flow regime alteration are alsoThus, the incorporation of a specific e-flow strategy can re-
determined under the three e-flow strategies. The lowest desult in a lower degree of flow regime alteration with the same
grees of alteration under the non-e-flow and the first e-flowannual revenue. It further demonstrates the importance of
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Fig. 1. Minimum degree of flow regime alteration for different planned mean revenues under three e-flow provision stiaisdgresdegree

of flow regime alteration; MAR is the mean annual revenue; Ul is the unachievable interval; El is the exclusive interval; Sl is the shared
interval.

incorporatinge-flow strategy into portfolio optimisation pro- For planned revenue within an unachievable interval, if the

cess for a specified revenue. revenue is above the highest value for all e-flow strategies,
no strategy can achieve a low degree of flow regime alter-
5.2 Determining the optimal e-flow provision strategy ation in the contract and day-ahead market. The revenue can

possibly be achieved by participating in other electricity sub-
Different e-flow provision strategies will result in different Markets, such as the real-time balancing market (the price in

mean annual revenues and different degrees of flow regimfiS submarket can be higher, but the price is more uncer-
alteration. The basic principles for e-flow strategy determi-t&in)- If the revenue is below the lowest value for all e-flow
nation can be stated as follows: if the planned revenue can belr@t€gies, which indicates a very favourable attitude toward

achieved by several e-flow strategies, the strategy that resul{dVer Protection, the hydropower producers can apply a more
in the lowest flow regime alteration is chosen. If the plannedf@vourable e-flow strategy that could resultin a lower degree

degree of flow regime alteration can be achieved by several €2 flow regime alteration. _ _
On the basis of Fig. 1, the degree of flow regime alteration

flow strategies, the strategy that results in the highest revenue A : o R
should be chosen. On the basis of these principles, we havean also be divided into three categories, i.e. exclusive inter-
drawn the curves for mean annual revenue and minimum deY@ls (an interval that only one e-flow strategy can achieve),

gree of alteration under the three e-flow provision strategiesShared intervals (intervals that more than one type of e-flow

The results are shown in Fig. 1. strategy can achieve), and unachievable intervals (intervals

On the basis of Fig. 1, the mean annual revenue can be gthat no e-flow strategy can gchieve). Like the procedure_for
vided into three types of intervals, i.e. exclusive intervals (the!n® Méan annual revenue discussed above, the most suitable

intervals that only one e-flow strategy can achieve), shared-flow provision strategy for a planned degree of flow regime
intervals (the intervals that more than one type of e-flow altération can be determined. If the planned degree of flow
strategy can achieve), and unachievable intervals (the inte/®9ime alteration is within an exclusive interval, the e-flow
vals that no available e-flow strategy can achieve). From thetrategy corresponding to that interval can be applied in the
planned revenue, we can easily know which intervals thepqrtfo_llo o_ptl_m|sat|on process. If the planned degree of alter-
planned revenue is within. If the planned revenue is within an2ti0n IS within a shared interval, the e-flow strategy that re-
exclusive interval, the e-flow strategy corresponding to thatSUlts in the highest revenue should be adopted. If the planned
interval can be applied in the portfolio optimisation process_qegree of alteration is within an unach.|evable interval and
If the planned revenue is within a shared interval, the e-flow!S Pelow the lowest value for all strategies, the hydropower

strategy that results in the lowest degree of flow regime alterProducers should develop and apply more favourable e-flow

ation should be applied to maintain the riverine ecosystemSrategies.
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Choosing an e-flow provision strategy is a process of com- In the case study of Wangkuai Reservoir, the contract
promising between hydropower producers and river protec-and day-ahead markets participated according to the planned
tors. The river protectors usually have the authority to askneeds of the reservoir. In future research on portfolio optimi-
the hydropower producers to obey some basic rules for riversation in other cases that account for both riverine ecosystem
ine ecosystem protection, such as a minimum e-flow releaseand producer needs, the real-time balancing market may also
If the river protectors would like to improve the health of participate according to the planning needs of these specific
the riverine ecosystem by changing the hydropower genereases and the risk preferences of the hydropower producers.
ation scheme, a more ecologically favourable e-flow provi-In these cases, the proposed framework for portfolio optimi-
sion strategy should become a legal requirement, or ecologsation can also be used. The difficulties are the precise pre-
ical compensation should be given to the hydropower pro-diction of hydropower price in the real-time balancing mar-
ducers. On the basis of Fig. 1, we can make a preliminaryket and the assessment of hydrological alteration at hourly
assessment of the compensation criteria. For example, if theme steps, which require further research.
present legally required e-flow rules are to sustain the mini-
mum e-flows and the river protectors want hydropower pro-
ducers to use the second e-flow strategy, the compensatiofcknowledgementsiVe thank the International Science & Tech-
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