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Abstract: Investigating the impact of climate change on the management of a complex multipurpose
water system is a critical issue. The presented study focuses on different steps of the climate change
impact analysis process: (i) Use of three regional climate models (RCMs), (ii) use of four bias correction
methods (BCMs), (iii) use of three concentration scenarios (CSs), (iv) use of two model averaging
procedures, (v) use of the hydrological model and (vi) use of the system dynamics simulation model
(SDSM). The analyses are performed for a future period, from 2006 to 2055 and the reference period,
from 1971 to 2000. As a case study area, the Lim water system in Serbia (southeast Europe) is used.
The Lim river system consists of four hydraulically connected reservoirs (Uvac, Kokin Brod, Radojnja,
Potpec) with a primary purpose of hydropower generation. The results of the climate change impact
analyses indicate change in the future hydropower generation at the annual level from —3.5% to
+17.9%. The change has a seasonal variation with an increase for the winter season up to +20.3% and
decrease for the summer season up to —33.6%. Furthermore, the study analyzes the uncertainty in the
SDSM outputs introduced by different steps of the modelling process. The most dominant source of
uncertainty in power production is the choice of BCMs (54%), followed by the selection of RCMs
(41%). The least significant source of uncertainty is the choice of CSs (6%). The uncertainty in the
inflows and outflows is equally dominated by the choice of BCM (49%) and RCM (45%).

Keywords: system dynamics; system analysis; complex water system; uncertainty assessment; climate
change; regional climate models; averaging procedures; HEC-HMS; Lim river; Lim water systems

1. Introduction

Water resources management relies on the application of a systems approach to deal with
complex problems [1]. This approach uses a systems analysis in finding solutions for complex water
problems trying to balance between conflicting social, ecological and economic concerns that affect
the decision-making process [2]. This study uses one of the two main techniques of systems analysis
-simulation. In particular, the system dynamics simulation based on the causal, stock and flow
diagraming is implemented. System dynamics simulation is an appropriate approach for the analyses
of interconnecting processes and functional relationships of the water resource system components [3].
Using systems analysis, the water resources professionals are able to define plans, design and define
reservoir operations for complex water systems under present and future climates.

1.1. System Dynamics Simulation Approach for the Climate Change Impacts Assessment

Water resource management is affected by changing climate conditions combined with accelerated
environmental and social changes [4]. An increase in temperature, changes in the precipitation pattern,
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an increase in the frequency and magnitude of extreme climatic events and a decrease of the snow
cover are some of the climate change implications with significant impacts on water resources [5].
The intensification of the hydrological cycle under a changing climate will result in higher flows
during the winter season and lower flows for the summer and autumn months. The demand for
freshwater, water for irrigation, hydropower generation and instream flows to sustain river health
are likely to increase due to a rapid increase in the population. Hence, it is evident that the existing
reservoir operations will need to address the challenges of the imbalance between water supply and
demand [6,7]. The changing climate is therefore expected to affect the management of complex water
resource systems significantly [8]. The implications of climate change on water resource management
will affect the planning and real-time operation stages of water systems [6]. Under the changing
climate, population growth and water technology deployments, the water systems in the planning
stage should explicitly consider the trade-offs between releases from the reservoirs to maintain normal
operational levels, environmental flow, water demand for industry and households, agricultural
irrigation and hydropower generation. For the case of existing reservoirs, the design capacity of
the reservoir storage and hydropower plant (HPP) characteristics need to be re-evaluated together
with the real-time reservoir operations in the changing climate conditions. The revisions may end by
suggesting the use of both, non-structural and structural measures [9]. For example, the addition of a
turbine to an existing power plant due to higher flows in winter is a structural measure, while the
change of reservoir operating rules is considered as a non-structural adaptation measure. The latter
adjusts levels in reservoirs over the winter and spring months, increasing the releases through the
turbines, and consequently increasing the hydropower generation [10]. Applying adaptive real-time
reservoir operation rules and water management policy for the river basins impacted by climate change
can reduce the vulnerability associated with the hydropower generation and should be an effective
non-structural measure capable of responding to changing climate conditions [10].

1.2. System Dynamics Simulation Modelling Processes and Its Uncertainty

Several system dynamics simulation modelling studies have been performed in the past focusing
on the reservoir operations and adaptation measures under the changing climate conditions [9-13].
The climate change impact studies use the following steps to estimate the impacts on the reservoir
system operations: (1) Selection of the global climate model/s (GCMs) and/or regional climate model/s
(RCMs), (2) selection of the concentration scenarios, (3) correction of raw climatic data from the climate
models using bias correction methods (BCMs), (4) application of averaging procedures to combine the
outputs from the climate models, (5) application of the hydrological model to estimate the inflows for
the reservoir system simulation model, (6) development of the system dynamics model and operational
rules to transform available water resources in space and time considering the constraints of the system
and needs of the users.

To close the science-practice gap, it is required to provide a clear understanding of the uncertainty
within the climate change impact analysis processes [4]. The uncertainty associated with future
climate variations and natural hydrologic variability represents a great challenge for the water resource
system management [14]. The reservoir inflows are the most significant contributor of uncertainty to
water resources management. The sources of uncertainty in the reservoir inflows originate in model
parameters and the model structure [14].

Furthermore, inflows can be uncertain due to differences in the space and time distribution
scales [15]. However, the greatest uncertainty in the hydrological outputs under the present and
future climate conditions stems from the uncertainty in the model structure, not the parameters [16].
The significant uncertainty in the inflows, and consequently in the outflows, is associated with the
choice of the climate model, rather than the concentration scenario and choice of the hydrological
model [17,18]. The statistical post-processing tools contribute to the highest level of uncertainty in the
reservoir inflows, propagating it to the hydropower generation [8]. To provide scientifically based
advice to decision-makers, it is highly recommended to use different approaches for each step of the
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climate change impact modelling process. Integrating uncertainties into the decision-making process
of reservoir management can increase the utility of the decision support tools [4].

1.3. The Goals of the Study

This study is carried out for the Lim water system that includes the Lim and Uvac rivers (Serbia,
southeast Europe), Figure 1. The primary purpose of the system is the hydropower generation.
In addition, the Lim water system mitigates adverse hazardous events and improves the downstream
water quality [19]. Variation of the inflows and hydropower generation mostly depend on the climate
conditions. Therefore, the primary goal of the presented study is to assess the climate-related impacts
on the Lim river basin using the simulation model of hydraulically connected reservoirs (Figure 1).

(a) Location of the Lim water system (b) Longitudinal profile of the Lim water system
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Figure 1. Location of the Lim water system reservoirs (a) together with the longitudinal profile (b).

The assessment of the climate-related impacts on the hydropower generation of the Lim water
system has been performed in [19]. A traditional engineering approach (flow duration analyses
under present and future climates) was used to estimate the impacts of the changing climate on the
hydropower generation [20]. This study extends the World Bank analyses using an approach based on
the system analysis and simulation of climate-related impacts on the Lim water system [1]. It employs
the climate change impact analysis processes and corresponding steps implemented in this study
are illustrated in Figure 2. The impact assessment is obtained by using three RCMs, three CSs, four
BCMs, two averaging techniques, a single hydrological model and system dynamics simulation model
(SDSM). The BCMs transform raw precipitation from the climate models. Subsequently, averaging
procedures are used to identify the processes that contribute to the uncertainty in the SDSM outputs.
Next, the hydrological model is used to convey the climate change signal to the watershed response.
Finally, the SDSM is used to capture the complex system structure and assess the climate change-related
impacts on the outputs of SDSM within the Lim river basin.
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Figure 2. The climate change impact analysis process used in the study.

The goals of the study are therefore multifold: (1) To develop the SDSM and to propose adaptive
operational rules for the existing system reservoirs within the Lim river basin, (2) to assess the impacts
of the changing climate on the SDSM outputs, (3) to quantify the contribution of the uncertainty of
each individual climate change impact analysis steps on the system performance using SDSM.

The rest of the paper is organized as follows. The description of the Lim water system is presented
in Section 2. Section 3 describes the SDSM of the Lim water system alongside the operational rules of
the reservoir system. The methodology for the uncertainty assessment within the different steps of the
impact assessment process is presented in Section 4. The assessment results and their discussion are in
Section 5, while conclusions end the paper in Section 6.

2. Lim Water System

The Lim water system is located in Serbia (southeast Europe) and extends over an area of around
3600 km?. Tt represents a multipurpose complex system including four hydraulically connected
reservoirs (the Potpec, Uvac, Kokin Brod and Radojnja). The locations of the Lim water system
reservoirs alongside the longitudinal profiles of the Lim and Uvac rivers are depicted in Figure 1.
The Potpec reservoir lies on the Lim river, while the remaining three reservoirs, namely the Uvac, Kokin
Brod and Radojnja, are located on the Uvac river. The Lim and Uvac rivers are part of the international
trans-boundary Drina river system [19]. The Lim river and Uvac river (the biggest tributary of the Lim
river), are respectively 220 km and 115 km long. The specific water yield of the Uvac river is 9.9 1/s/km?,
while the contribution of the Lim river is much greater, ranging from 26.0 1/s/km? to 43.8 1/s/km? [21,22].

The primary purpose of the Lim water system is the hydropower generation (Table 1). In addition,
the Lim water system is used for mitigation of floods, and downstream water quality control by
regulation of the outflows over the low-flow season. The management of the Lim water system
depends on the actual volume of water stored in the reservoirs, inflows and energy demand.

Table 1. The characteristics of reservoirs in the Lim water system.

Drainage  Annual Active Max1n‘1a1 M1n1n‘1al Spillway Spillway
. Year Operational Operational R Crest
Reservoirs . Area Inflows Volume Capacity .
Built by 3 6.3 Level Level 3 Elevation
(km?) (m®/s) (10°m®) (m3/s)
(m.a.s.l.) (m.a.s.l.) (m.a.s.l.)
Potpec 1967 3605 79.9 19.8 437 423.6 3000 439
Uvac 1979 920 9.5 160 988 940 1050 986
Ié‘;gg‘ 1962 1170 13 209 888 845 1400 885.5
Radojnja 1959 1331 135 41 815 805 1400 816.2

The concrete gravity dam of the Potpec reservoir is 46 m in height and 215 m in length (Figure 1a).
The power plant has three turbines (51 MW) for power generation with the maximal and minimal
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discharges of 165 m3/s and 18.5m?/s, respectively. Active storage of the Potpec reservoiris 19.8 x 10° mS.
Three gated spillways are located at the middle part of the dam with the capacity of 3000 m®/s. The Uvac,
Kokin Brod and Radojnja reservoirs are hydraulically connected. They satisfy the demand for the
hydropower generation and provide storage for attenuation of flood waves (Figure 1). The Uvac
reservoir is the second largest reservoir within the Lim water system with active storage of 160 x 10° m?>.
The Kokin Brod and Radojnja reservoirs are located on the downstream river section (Figure 1a,b).
The Kokin Brod reservoir has the largest active storage of 209 x 10° m3. Downstream of the Kokin Brod
reservoir is situated the Radojnja reservoir with the active storage of 4.1 X 10° m®. The lateral flow
between the Uvac and Kokin Brod reservoirs is equal to 2.5 m3/s, while the lateral flow which contributes
to the Radojnja reservoirs is 0.5 m3/s. The dams of the Kokin Brod and Radojnja reservoirs are rockfill
dams, while the Uvac dam is an earthfill dam. The dams of the Uvac, Kokin Brod and Radojnja
reservoirs are 110 m, 82 m and 42 m high and 307 m, 1220 m and 361 m long, respectively. The Uvac and
Kokin Brod power plants have turbines with the maximal discharge of 43 m?/s (36 MW) and 36 m%/s
(2 x 10.7 MW), respectively. The Radojnja reservoir is hydraulically connected with diversion-type
turbines at the Bistrica power plant by the 8 km pressure tunnel (Figure 1a,b). The Bistrica power plant
has two turbines (2 X 18 m%/s, 2 X 51.5 MW) and is located at the Lim river nearby the Potpec reservoir.
The pressure tunnel conveys the water from the Uvac river to the Lim river providing a significant
contribution to the total annual flow at the Potpec reservoir (77.6 m3/s). Note that the total annual
inflow of the Radojnja reservoir is equal to 14.4 m®/s. The maximal spillway capacities of the Uvac,
Kokin Brod and Radojnja reservoirs are 1050 m3/s, 1400 m3/s and 1400 m>/s, respectively.

3. System Dynamics Simulation Model of the Lim Water System

3.1. General Approach

The presented climate change impact analysis study organization is shown in Figure 2. Three RCMs
from the EURO-CORDEX initiative are selected [23]: WRF361H (DWD—Deutscher Wetterdienst), RCA4
(SMHI—Swedish Meteorological and Hydrological Institute) and RACMO 22E (Royal Netherlands
Meteorological Institute). The selected RCMs driven by the boundary conditions from GCMs are
illustrated in Figure 2. Climate simulations cover the case study area with the datasets at a high spatial
resolution of 0.11 degrees (~2.5 km). Such RCM resolution is selected since it can reproduce extreme
precipitation behavior. Furthermore, the availability of the simulated climate for the future period under
the RCP 2.6, RCP 4.5 and RCP 8.5 emission trajectories is used. Selected climate options cover a wide
range of future socioeconomic scenarios and projected CS. Furthermore, the EURO-CORDEX collection
also offers climate simulations from many RCMs with different spatial resolutions. For example,
HIRHAMS and REMO2009, REGCM3 and HadRM3Q16, RACMO?2 and RCA provide the simulated
precipitation and temperature with spatial resolutions of 12.5 km?, 25 km?, and 50 km?, respectively.

Then, BCMs are applied to statistically correct climate model outputs. Selected BCMs include
empirical quantile mapping—EQM [24], gamma quantile mapping—GQM [25], gamma-Pareto quantile
mapping—GPQM [13] and constant scaling—CS [26]. Next, the averaging methods are used to estimate
average climate signals from multiple RCMs and BCMs. The simple model averaging [27] is introduced
to analyze uncertainty in the climate models, statistical post-processing tools and concentration
scenarios (CSs). The Bates-Granger averaging [28] is used to form the median of the ensemble using
the weighted realizations from each RCM and BCM. Using the averaging procedures, a set of climate
scenarios are formed. Then, the hydrological modelling system (HEC-HMS) version 4.2.1 is used
to derive a watershed response under the climate scenarios [29]. The model hydrological structure
includes six modelling components: Meteorological input, snow, precipitation loss, direct runoff,
baseflow, and river routing. The applied structure of the hydrological model is capable of performing
continuous hydrological simulation under present and future climates [30,31]. Average climate outputs
are used by the hydrological model to obtain the inflows for the Lim water system reservoirs (Figure 1a).
The inflows are then used by SDSM to simulate the Lim water system performance. The SDSM is
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developed using the Vensim system dynamics simulation software [32]. The SDSM transforms (in
space and time) the outputs of the hydrological model through the hydraulically connected system of
reservoirs resulting in the spillway, turbine flow and environmental reservoir releases. A description
of the SDSM is provided in the following section.

3.2. The System Dynamics Simulation Model

3.2.1. Reservoir Operations

The Lim water system reservoirs regulate downstream flows in time and space to meet the demand
for the hydropower generation, attenuate flood waves and improve the downstream water quality.
The reservoir capacity of the Lim water system is divided into three parts [33]: Active storage, dead
storage and flood storage. The active storage capacity of the reservoirs is used for the hydropower
generation and environmental flow management, while the flood storage capacity is reserved to reduce
the flooding downstream. The dead storage capacity of the reservoirs is required for the sediment
deposition. The existence of large reservoirs on the Uvac river enables the active storage capacity
of the Uvac and Kokin Brod reservoirs to be separated into two parts: Over-year storage capacity,
and within-year storage volume. The Radojnja and Potpec reservoirs participate only in daily flow
regulation due to the smaller reservoir capacity.

Operations of the Lim water system are driven by technically experienced staff of the public power
utility “Elektroprivreda Serbia” to meet the needs of the Serbian power system over the peak demand
hours. However, the change of climatic conditions will intensify the hydrological cycle, leading to
changes in the annual and seasonal streamflow distribution. Since reservoirs are built to alter the
natural spatial and temporal distribution of streamflow, flexible operational rules, associated with
the use of the active storage capacity, are required to deal with the annual and interannual changes
of the inflows. The climate change impacts on the operational rules of the Uvac and Kokin Brod
reservoirs, which can regulate the seasonal and annual flow variations, are much more important
than the impacts on the Radojnja and Potpec reservoirs operating at a daily basis. Accordingly, the
over-year storage capacity and within-year storage volume of the Uvac and Kokin Brod reservoirs is
re-optimized. The operational rules at the monthly time scale are developed using the yield model
solved by the sequent peak method [33]. This method enables the adaptation of reservoir operations
according to the changes in the multi-annual and seasonal flow distributions [10]. In this way, the
release policy is adapted to the climate signal changes because the climate drivers are the main forcing
factor of flow variations. For the Radojnja and Potpec reservoirs, multi-annual and interannual flow
distribution does not affect their regular operations and, therefore, the standard operational policy is
applied [33].

The operational rules for the reservoirs shown in Figure 3 identify the storage volume zones
associated with a particular release policy. The Uvac and Kokin Brod reservoirs have the within-year
storage capacity below zone 2 because the distribution of the within-year inflows requires additional
reservoir capacity (Figure 3a,b). For this purpose, monthly hydropower releases with 50% reliability
are used to define the optimal yields and the corresponding reservoir release rules. Zone 1 indicates
the release policy to satisfy the variations between the annual inflow distribution and annual yield
estimated as a median of the actual annual hydropower releases (Figure 3a,b). Maximal operational
levels and the upper bound of zone 2 correspond to zone 3 (Figure 3a,b). If at any time ¢ the storage
volume is in zone 3, releases from the Uvac and Kokin Brod reservoirs cannot be greater than the
maximal turbine discharge given at 43 m3/s and 37.4 m?/s, respectively. Within zone 2, releases from
reservoirs at any time ¢ should not be higher than the optimal yield with a probability of 50% for each
month. Releases in zone 1 can be also made to satisfy any demand lower or equal to the annual yield
for the Uvac (9.3 m3/s) and Kokin Brod reservoirs (11.3 m3/s). If the water levels in the reservoirs are
beyond the limits of zone 3, there are no hydropower releases. Consequently, spillway releases from
the reservoirs can be made to reduce the actual storage in the reservoirs to spillway crest elevations
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(Table 2). The storage above these elevations is considered as the flood storage volume for the Uvac
and Kokin Brod reservoirs.
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Figure 3. Reservoir release rules for the Lim water system: (a) Uvac reservoir, (b) Kokin Brod reservoir,
(c) Radojnja reservoir, (d) Potpec reservoir.

The Radojnja and Potpec reservoirs use the standard operational policy. The active storage
capacity is divided in accordance with their minimal, normal and maximal operation levels. In the
first zone, minimal and normal operational levels are used to set operational rules related to the first
part of their active storage (Figure 3c,d). The release policy made within the first zone is to satisfy any
demand limited with the maximal and minimal turbine discharges (Table 1). The maximal release
policy is made in the second part zone 2 corresponding to the installed turbine capacity of the Bistrica
(36 m3/s) and Potpec (165 m3/s) HPPs. Note that the upper limits of zone 2 represent the maximal
operational levels of the powerplants. If at any time ¢ the water levels rise above zone 2, spillways are
activated reducing the water levels below the maximal operational levels. In addition to operational
flood rules, releases from these reservoirs have to be made to improve the downstream water quality.
The release has to meet environmental flows standing at 1.2 m3/s and 13.9 m?/s for the Radojnja and
Potpec reservoirs, respectively.

Table 2. The characteristics of hydropower plants in the Lim water system.

Annual

Hvdropower Number Maximal Instaled Ener Maximal Minimal
y Pl(; I::: ¢ Type of Discharge Power Gen:ragt};on Water Water
; 3
Turbines (m3/s) (MW) (GWh) Head (m) Head (m)
Potpec Non-diversion 3 165 52 216 38.4 25.6
Uvac Non-diversion 1 43 36 72 100 55
Kokin Brod Non-diversion 2 374 214 60 73 -
Radojnja Diversion 2 36 103 370 378 345

3.2.2. System Dynamics Simulation Model of the Lim Water System

The SDSM of the complex Lim water system is developed in the Vensim software [32]. The SDSM
uses a stock and flow diagraming to capture the system structure. The stock and flow diagrams use
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four graphical objects to represent a complex system structure: (1) Stocks, (2) flows, (3) auxiliary
variables and (4) arrows. The reservoirs of the Lim water system are modelled as stocks because
they represent state variables accumulating over time. Inflows to and releases from the reservoirs
are modelled as flows. They are attached to stocks and change the state of the accumulated water in
reservoirs. Other variables in the Lim water system SDSM are represented using auxiliaries. Arrows are
connecting stocks, flows and auxiliary variables to close the system structure. They convey information
from one variable to another. The stock and flow diagram of the Lim water system is presented in
Figure 4. The model simulation uses monthly time step and hydrological model outputs under current
conditions. Three reservoirs on the Uvac river, namely the Uvac, Kokin Brod and Radojnja, are in
series. The hydropower and spillway releases of the Uvac reservoir are the inflows for the Kokin Brod
reservoir together with an additional contribution of lateral flows. Similarly, the outflow from the
Kokin Brod reservoir is the major inflow of the Radojnja reservoir, which represents the last reservoir in
the series. The hydropower releases of the Radojnja reservoir (the Bistrica HPP) contribute to the inflow
of the Potpec reservoir transferring water from the Uvac river to the Lim river (Figure 3). Note that the
spillway and environmental releases from the Uvac reservoir continue to flow downstream the Uvac
river until its confluence with the Lim river (Figure 1). Alongside outflows from the Radojnja reservoir,
the Potpec reservoir at the Lim river receives more significant inflow from the major course-the Lim
river. The SDSM is developed to follow the release policy described in Section 3.2.1. As any reservoirs,
the Lim water system reservoirs, accumulate their flows in the following way [1]:

¢
Reservoir(t) = f [Inflow(t) — Out flow(t) — Losses(t)]dt -+ Reservoir(ty), (1)

fo

where In flow(t) and Out flow(t) are the values of the reservoir flows at any time ¢ between the initial
time ty and current time t, while Losses(t) are the cumulative losses (evaporation and seepage) from
the reservoirs over time ¢y and t. Reservoir(t) and Reservoir(ty) denote the actual volume of reservoirs
in m3 at time steps f and fo, respectively.
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Figure 4. Stock and flow diagram of the Lim water system consisting of four reservoirs (Uvac, Kokin
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Evaporation losses in Equation (1) are estimated due to their importance, especially for reservoirs
with large storage capacity (Uvac and Kokin Brod reservoirs). For the monthly evaporation rates from
the surface of reservoirs, the Blaney—Criddle formula is applied [34]:

p(0.457-T 4 8.128) x Surface_area(t)
1000 ’

Losses(t) = (2)
where T is the mean monthly temperature in degrees Celsius at time ¢, p is the percentage of mean
annual daytime hours for each month over the year and Sur face_area denotes the area of reservoirs in
square metres at time £.

Although seepage losses contribute toward the total releases from the Lim water system, there are
no available information on driving factors (e.g., seepage rates, geological formation, permeability, soil
moisture conditions) to estimate the seepage rates from the reservoirs. Therefore, the SDSM model
does not account for seepage losses.

Inflows in Equation (1) are natural streamflows simulated by the HEC-HMS (Section 3.1).
They are transformed over time and space in accordance with the release policy described in
Section 3.2.1. The outflows in Equation (1) account for the hydropower (Release_hydropower)
and spillway (Release_spillway) releases as well as environmental flow releases (Release_env). The
hydropower releases for reservoirs are expressed as a function of time depending on inflows in the
system (In flow) and a random term (RND):

Release_hydropower(t) = In flow(t —2) + RND(O, 02). 3)

The discrepancy in the seasonal pattern between the inflows and hydropower demand is simulated
with a time delay function in the Vensim software. The time delay of two months is used considering
the observed inflows and turbine releases. In addition, uncertainties in hydropower releases are
simulated by the random term RN D(O, 02) under the assumption that it follows the normal distribution.
The differences among the observed inflows and hydropower releases serve as a basis to estimate the
variance of the random term (0?) with the median having the value zero.

Based on the simulated turbine flows, the following equation is used for the hydropower

calculation:
9.81 x 10°Release_hydropower(t) x H(t) X u

3600 x 1000 ’ @)

where Hydropower(t) is the megawatts of power produced in time t, H(t) is the net head in metres of
water available for the hydropower generation during time ¢ and y is the turbine efficiency.

Spillway releases (Release_spillway) are solved simultaneously until the water level in reservoirs
reaches the spillway crest elevation. The spillway release curves are linearly interpolated to determine
Release_spillway at time step t. Moreover, if the outflows on the downstream sections of the Uvac and
Lim river are below the values required to maintain the river health, an additional release from the
Radojnja reservoir (Release_env = 1.2 m3/s) and Potpec reservoir (Release_env = 13.9 m?/s) are calculated
to meet these requirements.

Hydropower(t) =

4. Uncertainty Assessment within the Climate Change Impact Analysis Process

The outflows from the Lim system of the reservoirs and corresponding hydropower generation
reflect the release policy acting to modify the natural hydrological regime to satisfy the multiple
water needs (e.g., demand for hydropower generation, flood mitigation, environmental flow releases).
Inflows under the changing climate, as the main inputs into the system dynamics simulations, increase
the total level of uncertainty due to uncertainty in climate modelling (choice of climate model, bias
correction tools and concentration scenarios) and statistical post-processing (selection of the averaging
method). The system dynamics modelling and model’s ability to capture the complex system structure
accurately can add extra uncertainty to the SDSM outputs. There are several uncertainty assessment
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approaches (e.g., Monte-Carlo simulation [35], GLUE [36], direct variance method [37]). Since this
study aims at quantifying how different steps of the impact analyses process influence the SDSM
simulated variables, the direct variance method is selected. It is a straightforward approach capable of
assessing the contribution of each step to the total uncertainty by varying the samples and calculating
the variance of the ensemble. As a robust statistical method, the variance method represents the proxy
measure for determining the uncertainty in the climate change impact analysis process. The drawback
lies in the fact that it considers individual variations of each step as a proxy measure of uncertainty;,
rather than using the hindcast process accuracy during the recorded period. The mean variances 52 of
particular variables (e.g., hydropower generation, inflows, outflows) with respect to the selection of
RCMs, BCMs and CSs are estimated in the following way:

7 (RCM)? = m ZL(?RCM@) —?(z'))2 , @)
G (BCM)* = m Zil(?BcM(i) -Y0), ©6)
7 (CS)” = =g Lo (Yes(D - V0)" )

A simple model averaging method is used with equally weighted variables Yrcy, Ypey and Yes
from each RCM, BCM and CS [27]:

1
Y(RCM) = mzjzk Yjx i = WRF; RCA4; RACMO, 8)
1 .
Y(BCM) = Wzizk Yir, ] = EQM; GOM; GPQM, 9)
1
YCS) = ———— Y;i, k = RCP2.6; RCP4.5; RCP 8.5, 10
(€S) Nrem + Npem Ziz‘f g (10)

where the numbers of selected RCMs, BCMs and CSs are denoted as Nrcp, Npcym and Ns, respectively.
Next, the Bates-Granger averaging is applied to estimate the average values of the ensemble Y
with all individual realizations of RCMs, BCMs and CSs [28]:

I I an

where f; ; are the weights of each RCM and BCM obtained with respect to their hindcast accuracy
over the reference period. The contributions of each climate change impact analysis step (RCMs, CSs,
BCMs) to the total uncertainty are estimated as follows:

=2

o
Arem = = EZCM —— x 100, (12)
Orcm +9Bem 1 9¢s
—
o
Apcy = 55— x 100, (13)
Orem 1 9pem T 0cs
—
OFs

Acs = 5 — —— x 100, (14)
Orcm T Opem T 0¢s
where Arcp, Apcy and Acs denote the percent contribution of uncertainty introduced by RCMs, BCMs

and CSs, respectively.
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5. Results and Discussion

5.1. Model Verification

The SDSM is developed for four reservoirs of the Lim water system (Figure 1). Simulations are
performed using the monthly time step. The Lim water system model (Figure 4) is implemented in the
Vensim software which allows an easy modification of the system structure (by the manipulation of
four graphical objects) and model simulations using different dataset. In this study, the outputs of the
hydrological model are used as inputs to system dynamics simulations. Hydrological simulations are
conducted with a variety of climatic datasets including the observed and simulated climate (Section 3.1).
The HEC-HMS deterministic hydrological model is set for the Lim river basin and Lim water system.

The SDSM structure of the Lim water system is verified over the referenced period. The SDSM
simulation results are compared with the observed values of the inflows, outflows and hydropower
generation from 1971 to 2000. Note that the simulated climate dataset considered seven realizations
from three RCMs (WRF, RCA4, RACMO), and four BCMs (EQM, GOM, GPQM, CS) by applying the
simple model averaging method (Section 4). In addition, the average ensemble value is estimated
with the Bates-Granger averaging. In this manner, eight time series for each variable of the SDSM are
determined for the reference period of 1971-2000. The simulated inflows and outflows from the system
of reservoirs at the Lim and Uvac rivers are shown in Figure 5, while Figure 6 shows the hydropower
generation for each powerplant within the system. The median values of inflows/outflows for each
reservoir well match the observed values (Uvac—9.5 m®/s; Kokin Brod—13.5 m3/s; Radojnja—13.5 m3/s;
Potpec—79.9 m?/s). The simulated medians of monthly inflows/outflows depend on the climate data
analyzed. They are in the range of 8.2-10.4 m3/s, 11.7-15.0 m3/s, 11.8-15.4 m3/s and 74.3-91.3 m3/s for
the Uvac, Kokin Brod, Radojnja and Potpec reservoirs, respectively. Similarly, the simulated annual
hydropower generation for most HPPs reasonably fit the observed long-term values (Uvac—72 GWh,
Kokin Brod—60 GWh, Bistrica—370 GWh, Potpec—216 GWh). This is highlighted for the Uvac
and Kokin Brod power plants where the medians of the annual hydropower generation are equal to
63.9-76.2 GWh and 60.9-72.8 GWHh, respectively. The annual hydropower generation for the Bistrica
(281.6-340.6 GWh) and Potpec (170.8-210.5 GWh) powerplants are somewhat overestimated, perhaps
due to uncertainty in the reservoir elevation—volume rating curves available for these reservoirs.
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Figure 5. Monthly inflows to and outflows from the Lim water system reservoirs (Uvac, Kokin
Brod, Radojnja and Potpec) estimated with the following climate datasets: (a) Observed climate,
(b) weighted climate simulations, (c—e) regional climate model simulations—WREF, RCA4, RACMO,
(f-i) bias correction methods—EQM (empirical quantile mapping), GOM (Gamma quantile mapping),
GPQM Gamma Pareto quantile mapping), CS (constant scaling).
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Figure 6. Annual hydropower generation of the Lim water system estimated with the following
climate datasets: (a) Observed climate, (b) weighted climate simulations, (c-e) regional climate model
simulations—WRF, RCA4, RACMO, (f-i) bias correction methods—EQM, GQM, GPQM, CS.

5.2. Future Projections

The verified SDSM model of the Lim water system is used to obtain the long-term prediction of
system outflows and hydropower generation. The selected RCMs, BCMs and averaging procedures
(Figure 2) are used to derive the precipitation and temperature for the Lim and Uvac river basins under
RCP 2.6, RCP 4.5, RCP 8.5 concentration scenarios. The combinations of the different climate change
modelling steps are shown in Figure 7a, while Figure 7b illustrates realisations of each climate dataset
for the observed period of 1971-2000 and future period of 20062055 under the RCP options. Climate
realisations under the aforementioned options cover the synchronous period with a length of 50 years.
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Therefore, the available climate outputs for the entire time period are used in the study since they
provide more uncertain estimates of the future climate.

Based on the different climate data set realizations, the HEC-HMS is used to estimate inflows into
the reservoir system for the future period of 2006-2055. The simulation model is then utilized to obtain
24 time series for each system variable under different concentration scenarios for the future period
of 2006-2055. These time series include 21 realizations from each RCM/BCM combination and three
realizations for the entire ensemble. The latter uses the weighted precipitation and corresponding
hydrological response, derived from the Bates-Granger averaging, to obtain reservoir outflows and
hydropower generation. This averaging method weights the selected RCMs and BCMs based on
their hindcast accuracy. Therefore, the members of the ensemble that reproduce better climate drivers
are heavily weighted providing the minimum possible uncertainty in the projected inflows used for
system dynamics simulations.

(a) Combination of RCMs, BCMs, and averaging methods (b) Realizations of each combination
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Figure 7. Climate scenarios within the Lim river basin: (a) Combination of RCMs (regional climate
models), BCMs (bias correction methods), and averaging procedures, (b) realisations of each climate
dataset combination for the baseline time period of 1971-2000 and future time period of 20062055
under RCP (representative concentration pathway) 2.6, RCP 4.5, and RCP 8.5.

The projected changes in annual inflows of the Uvac river reservoirs are in the range from —3.5%
to 12.5%. In contrast, the Lim river shows less significant annual change in the inflows ranging from
—~5.9% to 4.9%. Variation in the hydrological inputs has an impact on the hydropower generation
shown as relative change in the electricity production with respect to the reference period of 1971-2000
(Table 3). The expected changes in the annual hydropower generation are from —3.5% to +17.9% and
from —2.7% to +7.9% for the Uvac and Lim reservoirs, respectively. The projected annual change in the
outputs of the SDSM significantly depends on the concentration scenarios. The most severe option is
RCP 8.5 with an annual decrease of the hydropower generation of —7.9%, while the RCP 4.5 scenarios
shows an increase in the hydropower generation for the analyzed reservoirs (+9.6%). The annual
decrease of the hydropower generation for the Uvac river reservoirs is equal to —2.3% under the RCP
2.6 scenario.



Water 2019, 11, 1620 14 of 21

The impacts of climate change on the hydropower generation for the Lim water system are
also analyzed by the study given in the literature [19]. This analysis encompasses the future period
from 2011 to 2040 with regard to the reference period from 1961 to 1990. Two RCMs are used for
further hydroenergetic analysis under RCP 4.5 and RCP 8.5 concentration scenarios, namely CCLM
4-8-19 and ALADIN 5.2 [19]. The study uses the traditional engineering approach based on the flow
duration curve under climate change [20]. This approach allows the estimation of the percentage of
corresponding turbines working time. The findings suggest that the changes in annual electricity
production for the Lim river reservoirs are in the range from —6.3% to +9.4% [19]. In spite of the
different modelling approach used in the study presented in this paper, the results show a significant
agreement. For example, the estimated annual change in the electricity production for the Potpec
reservoir is from —7.9% to +2.7% (Table 3).

Table 3. The relative annual change (%) in the hydropower generation of the Lim water system (future
period of 2006-2055 production compared to the baseline period of 1971-2000 production).

Emissions Scenarios Uvac HPP  Kokin Brod HPP Bistrica HPP Potpec HPP

RCP 2.6 -3.5 -1.6 -1.8 +2.7
RCP 4.5 +8.1 +17.9 +15.3 -3.0
RCP 8.5 -0.7 -1.0 -24 =79

Since the seasonality adds an important variation in the hydropower generation, the traditional
approach based on the flow duration curve is not capable of capturing the changes in the seasonal
power generation [20]. Higher temperature over the year will modify the seasonality of the inflows
available for the hydropower generation [38]. The natural climate variation is also an important factor
which affects the variation in seasonal flows [39]. In this study, the system dynamics simulation
approach is employed to assess the changes in the seasonal electricity generation which depends
on the inflows available for power generation and demand for electricity in Serbia. In the SDSM
the turbine flows are simulated as a time delay function of the inflows and random terms (Equation
(3)) to ensure that the changes in the hydropower generation follow the seasonal variations of the
inflows. Figure 8 shows the hydropower generation for both, the reference period of 1971-2000 and
the future period of 2006-2055 under RCP 2.6, RCP 4.5, RCP 8.5 scenarios. The simulated values are
estimated by the Bates—-Granger averaging of the climate dataset (Section 4). The most prominent
change in the seasonal hydropower generation pattern can be seen for the Uvac HPP (Figure 8a) and
Potpec HPP (Figure 8d). These reservoirs receive unregulated inflows with the modified seasonal
distribution due to the changing climate. Therefore, an increase in the hydropower generation within
the winter months (January—March) ranging from +1.6% to +20.3% can be expected. A rapid decrease
in monthly flows over the summer and autumn months brings about the lower level of electricity
generation from August to September (from —2.8% to —33.6%). Large variations in the seasonal power
generation are noted for the downstream HPPs at the Uvac river, Kokin Brod HPP and Bistrica HPP
(Figure 8). These variations can be attributed to the dynamics of the multiple reservoir operations since
the operations of the upstream reservoir (Uvac reservoir) has an effect on the downstream Kokin Brod
and Radojnja reservoirs [3].
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Figure 8. Seasonal distribution of the hydropower generation (gigawatt hours (GWh)) for the
hydropower plants (HPPs) of the Lim water system: Bold line—baseline period 1971-2000, thin
lines—future period 20062055 under RCP 2.6, RCP 4.5, RCP 8.5. ((a) Uvac HPP, (b) Kokin Brod HPP,
(c) Bistrica HPP, (d) Potpec HPP).

Monthly values in the hydropower generation are also used to analyze the impact of the the
changing climate on the simulation outputs of SDSM. The box plots of monthly predicted inflows,
outflows and hydropower generation for the reference period (1971-2000) and future period (2006-2055)
are shown, respectively in Figures 9-11. Based on the monthly values, the duration curves for each
realization of SDSM are calculated to examine the changes in the lower and higher values of the
monthly hydropower generation. A decrease in the lower values of the hydropower generation are
between —9.8% and —5.6% for the RCP 2.6 and RCP 8.5 scenarios, respectively. However, an increase
in the hydropower generation for the case of the RCP 4.5 scenario equal to 10% is observed. Higher
values of the hydropower generation suggest an overall increase of 3% for the RCP 2.6 and RCP 8.5
scenarios, while the RCP 4.5 shows that the change in the hydropower generation is negligible.

Uvac (1971-2000) Uvac RCP 2.6 (2006-2055) Uvac RCP 4.6 (2005-2055) Uvac, RCP 8.5 (2006-2055)

Fiow (m%s)
3 8 8 8 8 3 8 8

Flow (m%s)
3 8 5 8 8
Flow (ms)
8 8 8 8 8 3 8 8
Fiow (m¥s)
o 3 8 8 8 8 8 3 8 8

0-
N | ol T2 3 4 5 6 7 8 9 10 u 1w T2 3 4 5 6 7 8 9 10 u w2
T2 3 4 5 6 7 8 9 10 m 1w T2 3 4 5 6 7 8 9 0 M w2

%
K.Brod (1971-2000) K.Brod RCP 2.6 (2006-2055) * K.Brod, RCP 4.6 (2006-2055) K.Brod RCP 8.5 (2006-2055)
w %

5 8
Flow ()
5 8 8

Flow (ms)

3 8

! T2 3 4 5 6 7 8 9 0 u w»
12 3 4 5 6 7 8 9 10 m o1 12 3 4 5 6 7 8 9 10 N @ v 2 3 4 5 6 7 8 9 10 n @

Figure 9. Cont.
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Figure 9. Box plots of the monthly inflows into the Lim water system (Uvac, Kokin Brod, Radojnja and
Potpec).
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Figure 10. Box plots of the monthly outflows from the Lim water system reservoirs (Uvac, Kokin Brod,
Radojnja and Potpec).



Water 2019, 11, 1620 17 of 21

Uvac (1971-2000) r Uvac RCP 2.6 (2006-2055) | *or Uvac RCP 4.5 (2006-2055) h Uvac RCP 8.5 (2006-2055)
" =0 20 =0
£ [ &
3 150 150
£ ) H H
! i i i
o § 10 h :
? £ £
) w % ©
o
0
0 0 20 0
K.Brod (1971-2000) K.Brod RCP 2.6 (2006-2055) - K.Brod RCP 4.5 (2006-2055) o) K.Brod RCP 8.5 (2006-2055)
180 180 h
_ 160, _ 160 2" ™
fw fm g g™
s S fw B
i i § o 1
g fw £ b3
S 3 © ©
“ “ 20 20
= 2 .
o 3 o
o Bistrica (1971-2000) o0 Bistrica RCP 2.6 (2006-2055) o Bistrica RCP 4.5 (2006-2055) bt Bistrica RCP 8.5 (2006-2055)
a0 0 0 o
800, 20 _ 0, _ o
o § &0 g @ § o
-] 3 500, 500
i i- ! !
& B “0 § «
Eaw : o H i
i 1 £ § 2
8 0. & 0 £ £
£ o £ B 0
- ™
100 100
o ° 3 6 0 ° 3 6 8 9 10
11111 6 9 10 ) 0
Potpec (1971-2000) 1 “ Potpec RCP 2.6 (2006-2055) Potpec RCP 4.5 (2006-2055) ) Potpec RCP 8.5 (2006-2055)
p o0

&

]
EB X888

[ ——
o 8 8 & BB EELEEE
Hysroenergy procucton (GWN)

Hykosmergy procton (GWR)
BN EEEEEE]
Hyckosnargygrocketion (GWh)

.88 &8 EEE

12 o3 405 6 7 8 9 1 onow

Figure 11. Box plots of the monthly hydropower generation of the Lim water system power plants
(Uvac, Kokin Brod, Bistrica and Potpec).

5.3. Uncertainty Assessment

Sources of uncertainty within the climate change impact studies of the Lim water system have not
yet been evaluated, mainly because of the oversimplified method used to assess the climate change
impacts on the hydropower generation [19]. However, the unawareness of the uncertainty in the SDSM
outputs may introduce high risk into the system planning and management activities.

This study employs the different climate change impact analysis process (Figure 2). It should
be noted that some of the steps in the assessment process are limited to single modeling approaches.
For instance, in this study only one hydrological model is used as well as only one system dynamics
model. Therefore, the assessment of the uncertainties introduced by these approaches requires a model
ensemble. Significantly more attention is devoted to the assessment of the uncertainty introduced by
the selection of climate models, statistical post-processing tools and concentration scenarios. A spread
of variance in the monthly time series of inflows, hydropower generation and outflows from the system
of reservoirs are analyzed as a proxy measure to quantify the contribution of uncertainties introduced
by the choice of RCMs, BCMs and CSs to the total uncertainty. The variance of each step is calculated
by Equations (5)—(7). A higher spread of variance corresponds to a higher uncertainty in the process
analyzed and vice versa. The entire ensemble is used to assess the spread of variance of the individual
climate change impact analysis process steps. The Bates—Granger averaging estimates the weights of
different process steps based on their ability to reproduce the variables within the reference period
of 1971-2000. Subsequently, the estimated weights are applied for the future period of 2006-2055.
The simple averaging of the SDSM outputs is performed by Equations (8)-(10). Finally, the application
of Equations (12)—(14) provides the contribution of each step uncertainty (RCM, BCM, ES) to the total
uncertainty in the SDSM outputs.

The inflows and outflows from the reservoirs of the Lim water system, as well as the hydropower
generation of HPPs, are selected to quantify the contribution of different modelling steps to the total
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uncertainty. The results presented in Table 4 suggest that the largest source of uncertainty in the SDSM
variables is contributed by the choice of BCMs followed by the contribution introduced by the choice of
RCMs. The least significant source of uncertainty is obviously the choice of CSs. These findings agree
with the results from the previous study done for Canada [8]. The results of the broader literature
indicate that the climate models are the predominant source of uncertainty in the projection of monthly
flows during most of the annual cycle, while the statistical post-processing methods are the most
important source of uncertainty in the extreme flows [37].

The inflows and outflows from the Lim water system reservoirs shows a similar contribution of
uncertainty arising from different modelling steps. Uncertainty introduced by BCMs is slightly higher
(~49%) than uncertainty introduced by RCMs (~45%). It is clear that the lowest source of uncertainty is
introduced by CSs, accounting only for 5%. However, the uncertainty contribution in the hydropower
generation has a quite different distribution (Table 4). Note that the highest level of uncertainty is
introduced by the choice of BCMs (~54%), followed by the choice of RCMs (about 41%) and emissions
scenarios contributing only ~6%.

Table 4. The contribution of the different climate change impact assessment steps uncertainty (RCMs,
BCMs, CSs) to the total uncertainty in the predicted inflows, outflows and hydropower generation of
the Lim water system for the future period (2006-2055).

Uncertainty within the Different Processes (%)

Modelling Steps
Inflows Outflows Hydropower Generation
RCMs 447 45.7 40.6
BCMs 49.0 49.2 53.5
CSs 6.3 5.0 5.9

The different distribution between the contribution of uncertainty in the SDSM outputs can
be attributed to their nature. Namely, the hydropower generation is calculated using Equation (4)
accumulating the uncertainties from the inflows and reservoir water levels. It is, therefore, evident that
multiplying the individual sources of uncertainty increases the uncertainty in the selection of BCMs.
In contrast, the uncertainty in the hydropower generation introduced by the selection of RCMs is lower
than the uncertainty in the inflows/outflows (~41%) and the uncertainty contribution from the choice
of concentration scenarios (~5-6%). This finding suggests that the different RCMs and BCMs exhibit
similar tendencies in each concentration scenario.

6. Conclusions

The study focuses on the development of the system dynamics simulation model of the complex
water resources system alongside the operational rules under present and future climates. The main
objective of the study is to estimate the climate change impacts on the performance of the Lim water
system represented by the outputs of the simulation model using different climate change impact
analysis process steps. In addition, the study assesses the uncertainty contribution of each process step
to the total uncertainty of the system performance.

The Lim water system in Serbia (southeast Europe) is selected as a case study. This water system
includes four hydraulically connected reservoirs at the Lim (Potpec reservoir) and Uvac rivers (Uvac,
Kokin Brod, Radojnja reservoirs). The primary purpose of the Lim water system is the hydropower
generation, followed by flood mitigation and downstream water quality management. Different climate
drivers introduce variation in the inflows of the Lim water system resulting in different hydropower
generations. Therefore, addressing the impacts of the changing climate on the Lim reservoir operations
is of high importance for the region.

The study uses the following process steps to assess the climate change-related impacts: Three
RCMs, four BCMs, three CSs, two averaging procedures, single hydrological model and one SDSM.
The raw precipitation data from the RCMs under the RCP 2.6, RCP 4.5 and RCP 8.5 concentration
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scenarios are corrected using the multiple BCMs. Then, the simple and weighted averaging methods
are applied to the precipitation datasets to quantify the contribution of process uncertainty to the
total uncertainty in the system performance. Prior to the system dynamics modelling, the HEC-HMS
hydrological model is applied to transform the climate data information into the hydrological response
(flow). The SDSM is built using the Vensim system dynamics simulation software and uses the
inflows derived by the HEC-HMS hydrological model. The system dynamics simulation model of the
Lim water system is developed in a holistic manner to evaluate the climate-related impacts on the
system outflows and hydropower generation. For the reservoirs with multi-annual and seasonal flow
regulation (Uvac and Kokin Brod reservoirs), the reservoir operations are developed using the yield
model solved by the sequent peak method. Reservoirs with daily regulation (Potpec and Radojnja
reservoirs) use the standard operational policy. Note that the proposed operational rules can be
adjusted in accordance with the changes in the seasonal flow distribution.

The projected changes in the hydropower generation of the Lim water system depend on the
inflows into the reservoirs and their available water volume. The findings suggest that the change in
annual power production can be expected in the range from —3.5% to +17.9%. More severe change is
expected at the seasonal level with the decrease in annual production ranging from —2.8% to —33.6%
for the summer and autumn seasons. A rapid increase in power production is reported for the
winter months, from +1.6% to +20.3%. The study also provides the quantification of the uncertainty
contribution for each process step using the variance method. The most dominant source of uncertainty
in the hydropower generation is introduced by the choice of BCMs (53.5%) followed by the choice of
RCMs (40.6%). The least contribution of uncertainty comes from the choice of CSs (5.9%). However,
the contributions of uncertainty of different process steps to the uncertainty in the inflows into and
outflows from the Lim system reservoirs have different distributions. The choice of BCM and RCM
contribute to 45.7-44.7% and 49.0-49.2%, respectively. The ES contributes the least to the uncertainty
in the predicted inflows/outflows (5.0-6.3%). In contrast to the inflows or outflows, the hydropower
generation accumulates the uncertainties in the inflows and reservoir water levels, resulting in the
different distribution of uncertainty contributions.

The findings point out the importance of analyzing the operation of the Lim system reservoirs
under changing climate conditions to support a more efficient decision-making. Future research should
concentrate on investigating additional sources of uncertainty, particularly those stemming from the
reservoir operation and hydrological model structure. That will require the use of multiple operational
rules obtained by different reservoir operations modelling approaches [33] and the use of different
hydrological models [40,41].
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