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1 Introduction

Hydropower is the most used renewable energy technology with over 4000 TWh electricity gen-
erated worldwide in 2017, corresponding to almost 16% of the total electricity generation [1]. In
the Nordic countries, hydropower provides an even larger share of the electricity generation with
about 50% of the total electricity generation coming from hydro [2]. In other words, hydropower
plays a significant role in power systems worldwide in general and in the Nordic power system
in particular. Typically the hydropower included in larger power system models are simplified to
reduce computation time. These simplifications can be denoted as a hydropower Equivalent which
aims to mimic the behaviour of a more detailed description of the hydropower system [3].

Some of the most common power system models of the Nordic system are summarized includ-
ing a shorter description specifically describing the modelling of hydropower. The models included
are Apollo developed by Sweco, Balmorel which is an open-source alternative, EMPS created by
Sintef and BID3 developed by Pöyry. For all models the input data, the hydropower modelling
setup and calibration of the model are outlined.

2 Apollo (Sweco)

Apollo is a cloud-based power market model which was developed by Sweco Energy Markets and is
currently used by European regulators, power producers as well as energy agencies. Both generator
dispatch and wholesale electricity prices are modelled, enabling electricity market analyses to be
made [4]. Apollo is most commonly used for analysis of future power system scenarios [5].

There are two main applications of the Apollo model - short- to medium-term time horizon, SMT,
or long-term, LT. SMT has an hourly time resolution and a total planning period of up to one
year. This time horizon is usually used when focusing on one region for price forecasts and how
wet and dry years impacts electricity generation from hydro. The LT time horizon on the other
hand is used for, among other things, scenario analyses and investment planning while also using
hourly time steps [4]. In both cases the power system is modelled with a linear, deterministic
optimization model [5].

The results from the model runs are presented in several different reports in Excel [4], includ-
ing:

• Dashboard Analyzer : This is the main report for SMT and includes the price forecast as well
as the resulting generation and hydroreservoir levels

• Scenario Analyzer : Present the system operation as annual and weekly aggregates, the pur-
pose is to emphasize possible patterns in generation, price and trade.

• Price Analyzer : The purpose of this report is to accentuate price structures

• Economic Analyzer : This report summarizes information about profitability and effects of
hypothetical policies which can be defined in the input scenarios

2.1 Input data

The standard data set used in Apollo contains relevant data for 31 European countries, or 38
bidding zones. As the input data is managed via an Excel interface it is possible to adjust the
input to fit specific scenarios or regions. Required input parameters include demand, thermal
generation, available transmission capacity, solar and wind profiles and inflow to the hydropower
stations (in Mwh/h) [4] [5].

1



2.2 Hydropower equivalent

The Apollo model includes two different categories of hydropower stations - Flexible and Inflexible
hydro. The flexible hydro is assumed to have a reservoir connected to the plant in which a larger
amount of water can be stored for a longer period of time. The other category of hydropower
stations is modelled with limited flexibility and can only move some production within the same
day, i.e. it can not store water for more than one day [6]. The installed capacity of each category
is determined by studying historical data [5].

One station of each category is located in each electricity price area, this means that in total
eight hydropower stations are included for Sweden. Historical data is used to enforce operating
limits on the reservoir levels for the flexible hydro [6].

The electricity generation from all hydropower stations is limited not only by the inflow of water
and installed capacity but also by different ramping constraints. The ramping limits are set for a
change in production from one hour to the next, for a four hour period and for each week [6].

2.3 Calibration

In order to calibrate the model the inputs can be varied, but there are no specific calibration
parameters that must be adjusted between runs [6]. Typically only various parameters concerning
hydropower is varied when calibrating the model. These hydro related parameters include the
share of flexible and inflexible hydro and total capacity of these [5].

3 Balmorel (Open source)

Balmorel is an open source model formulated as a linear programming optimization problem in
the modelling language GAMS (General Algebraic modelling System). It has been developed
through cooperation between both public and private institutions and focuses on the electricity
and district heat sectors [7]. The original motivation for creating the Balmorel model was to
enable analyses of the power and CHP sectors in the Baltic sea region. The project was driven by
the internationalisation of the electricity sector and can be used as a tool for investigating policy
related questions, among other things [8]. Through continuous development the model have been
extended further [9]. Several Addons adapted to more specific tasks have also been developed,
such as including hydrogen related technologies, unit commitment, natural gas trading etc [7].

The objective function in the Balmorel model maximises social welfare in the considered system,
with constraints derived from technical, physical and regulatory limitations. Note that the model
is deterministic with perfect foresight. As previously mentioned the base model is linear, however
there is a possibility to extend the model to be mixed-integer linear [7].

The original model was developed to include a large geographical area and span over several years
which means that neither the temporal nor the geographical resolution could be too detailed [8].
Both time and geography have therefore been divided into a hierarchical structure of three layers
each. The geographical partitions are Country, Region and Area. Each country consists of at least
one region which in turn consists of at least one area. A country is only divided into several regions
if there are transmission bottlenecks within the country. All generation units are defined on an
area level. Similarly, time has been partitioned into Years, Seasons and Terms. Each year has
an equal amount of seasons, and each season has an equal amount of terms. The electricity and
heat dispatch is determined for each term while seasons can be used to describe different seasonal
variations [7].
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The base model of Balmorel can be run in four different modes with slight differences. The first
mode optimizes the yearly operation of the energy system. The second mode is very similar to the
first with the addition to allow investments in new generation units. The third mode is different
in that it considers seasonal optimization instead. The fourth, and last, mode is the same as the
second mode but with a rolling time horizon [7]. This means that the model is solved via several
submodels in sequence.

3.1 Input data

There are four main types of input data for the Balmorel model - Technology data, Structural
data, Macroeconomic data and Global data. Technology data is for example emissions, costs and
efficiency related to each technology. Structural data is the initial capacities for each generation
unit as well as the heat and electricity demands of the regions. Macroeconomic data concerns
price elaticities and national fuel prices. Global data is data valid for the entire model, one such
example is the international fuel price forecasts. National fuel prices differs from international as
they also include taxes and transportation costs [8].

Input data exclusively relevant for hydropower include inflow profiles which varies with the geo-
graphical location and season [8]. Moreover, for hydropower with reservoirs minimum and maxi-
mum water content at the beginning of a season as well as a minimum electricity generation level
is given. Full load hours are also defined for hydropower units with and without reservoirs alike
[9].

There are three different input parameters included in the model with the purpose of describing
the seasonal variations related to hydropower. Two of the parameters relate to hydropower with
reservoirs and the third concerns run-of-river hydropower (without storage). For hydropower with
reservoirs there are mainly two seasonal variations to capture - the inflow and the value of stored
water. These are reflected with inflow variations over different seasons and prices in relation to the
electricity generation. The price variations reflect that the electricity prices are typically higher
during the winter and lower during the summer. These price variations will affect how the water
resource is distributed over the year. For the run-of-river hydro the only parameter describing
seasonal variations is related to the inflow. Note that the water inflow is converted to electricity
already in the input data [9].

All the input data mentioned above is included when downloading the model from the Balmorel
homepage [10]. As the model is open source all input data have been accumulated from public
sources, which might affect the accuracy of some figures.

3.2 Hydropower equivalent

All technology units included in the model are described on an area level, that is there is at most
one unit of one technology type per area, this also holds for hydropower. There are three different
technology types related to hydropower - hydropower with storage, run-of-river and pumped hydro,
however pumped hydro is only considered for short-term electricity storage and not modelled as a
generation technology. The other two are considered to be independent of each other with their
own inflow profiles and full load hours, even for units in the same area [9]. How these two different
hydropower technologies are modelled in Balmorel is described in short below.

3.2.1 Hydropower run-of-river

The electricity generation from the run-of-river hydropower at a given time is mainly determined
by the given inflow profile. For the inflow profile only the relative values between different time

3



steps are of importance and thus the values are not required to be in a specific unit, but must be
related to power, MW. The inflow profile represent seasonal variations in the electricity generation
[9].

The electricity generation Gror from run-of-river hydropower at time t and in area A is expressed
as:

Gror(t, A) =
FLHror(A) · Cror(A) · Vin,ror(t, A)

Gtot,ror(A)
(1)

With FLHror as the full load hours, Cror the installed capacity, Vin,ror is the inflow and Gtot,ror

the total annual amount of electricity generated by run-of-river hydropower which is an internal
parameter [11] [9].

The expression (1) is divided into two constraints - one for pre-existing capacity and one for
new capacity. The pre-existing capacity is also adjusted by taking into account decommissioned
capacity. However the term Gtot,ror is the same in both constraints. These constraints ensure
that the run-of-river hydropower is not dispatchable, meaning that the electricity generation is
determined by the input data (and possibly new capacity) [11].

3.2.2 Hydropower with storage

Unlike run-of-river hydropower, the hydropower with storage is dispatchable and the electricity
generation is therefore calculated in the model. This then affect the content in the reservoir which
is determined on a seasonal basis. The content in the reservoir one season is equal to the content
the previous season minus discharge (for electricity generation) plus inflow [9]. Note that the inflow
to the hydropower with storage for an area only varies with the season and not all time steps and
is here given in MWh/MW. In the storage content constraint this seasonal inflow is therefore
multiplied with the installed capacity to give the inflow in MWh [11]. There are also constraints
limiting the maximum and minimum content in the hydro-reservoirs [9] [11].

The total electricity generated from both run-of-river hydropower and hydropower with storage is
limited by the total installed capacity of the hydropower with reservoir also taking into account
new investments [11].

3.3 Calibration

In order to better align the output results from the Balmorel model with historical data several
calibration parameters have been included. Two of the calibration parameters are used to calibrate
the demand functions for electricity and heat respectively. There is also a parameter used to reduce
the available capacity of the different technologies included in the model. This parameter can be
seen as representing a limit on the electricity an/or heat generation due to planned and unplanned
outages. Finally, there is a parameter to tune the fuel efficiency of the generation units based
on their geographical location. As a result this parameter have the potential to change the merit
order of the generation units included in the model [9] [8].

Note that these calibration parameters are not only relevant for the hydropower units but for all
electricity and heat generating units. The calibration is done with respect to historical data of fuel
consumption as well as electricity and heat demand [9].

4 BID3 (Pöyry)

Developed by Pöyry, BID3 is an economic dispatch model which can simulate all major electricity
markets with an hourly time step. It can be used both for long- and short-term analyses such as
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market forecasts or investigation of different scenarios. The outputs of the BID3 model include
electricity prices, electricity generation in different power plants as well as power flows on certain
transmission lines [12].

It is also possible to utilize as small as 1 minute time steps [12].

4.1 Input data

The inflow to the hydropower is added to the model in the form of energy (MWh/h) and is divided
into a regulated and an unregulated part [13].

4.2 Hydropower equivalent

There is one Equivalent hydropower station with one associated reservoir per trading area. It is
possible to implement varying maximum and minimum water levels in the reservoirs for different
weeks over the year [13].

Stochastic Dynamic Programming is typically used for long-term planning of hydropower [12].

4.3 Calibration

No information about calibration alternatives.

5 EMPS (Sintef)

The EMPS model, or EFI’s Multi-area Power-market Simulator, was first developed in 1975 by
the Norwegian company SINTEF, at the time named EFI [14][15]. As the name hints, the EMPS
model is a multi-area power market simulator with several potential applications, such as long-term
planning of hydropower and electricity price forecasting, note that there are many more, see [16].
The EMPS is currently used by many of the hydropower producers in the Nordic countries as well
as by TSO:s and regulators [14][17].

The model is comprised of multiple distinct areas which are connected with transmission lines
for power transfer, hence the name ”multi-area” model [15]. In each area of the model there is
hydropower production, wind and solar production, thermal production and a specified demand
[15]. The model can be divided into two main phases - one strategy and one simulation phase, more
about these later in section 5.2. In short the strategy phase calculates the water values for each
area while the simulation phase determines the power production with the objective of minimiz-
ing the expected cost of the system while considering the previously calculated water values [18].
Computing the water values easily becomes very computationally heavy which is why hydropower
equivalents for each area are used instead of a more detailed model [17].

One of the most significant sources of uncertainty for computing the future power production in
power system dominated by hydropower is the future inflow. The inflow is handled stochastically
in the strategy phase of EMPS while the simulation phase of EMPS is solved deterministically [15].

Typically the EMPS model is solved for several years, the planning horizon can be up to 10
years [14]. The model has two modes - one mode for serial simulations and one for parallel simu-
lations. In the serial-mode all years are temporally related and follow one and other. However, in
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the parallel-mode each year is solved for individually with the same initial conditions [17].

5.1 Input data

The input data must be supplied by the users themselves indicating that different users use dif-
ferent data sets. The Norwegian Water Resources and Energy Directorate, NVE1, have created a
data set for Norway which includes hydrological inflow series for 75 years but for any other coun-
tries the users must define the data sets themselves [14]. The input data that is required includes
historical inflow series, detailed information about all production units, historical wind data, firm
and flexible demand, import of power [17] as well as historical temperatures [14].

Each power generation plant is entered as its own module, for hydropower this standard mod-
ule includes information about [15]:

• The maximum water content in the reservoir [Mm3]

• The discharge capacity [m3/s] and the energy equivalent [kWh/m3] of the power plant

• The inflow [Mm3/year], divided into storable and non-storable inflow

• The amount of bypass water [m3/s]

• The spillage [m3/s]

• Downstream hydropower module, if any

5.2 Hydropower equivalent

The detailed hydropower system descriptions given as input data are simplified for each area. All
hydropower modules in one area are aggregated into one hydropower equivalent, one module. The
maximum capacity of each hydropower plant is summed together to form one aggregated plant.
The reservoirs are converted into energy and summed together to form one aggregated reservoir.
Similarly the storable and non-storable inflow, the spill and the bypass are converted to energy
and aggregated together.

This hydropower equivalent is then used in almost all further computations in the EMPS model,
with one exception - the drawdown model which is explained further in section 5.2.2.

5.2.1 Strategy phase

In the strategy phase backward Stochastic Dynamic Programming, SDP, is used to calculate the
water values for each area. First the entire planning period is divided into weekly time-steps. For
each week an optimization problem finding the generation plan for all the coming weeks is solved
where the expected cost is minimized [18], only the residual demand is included here [14]. The
water value in the last week N is set to an initial guess and then the water value week N − 1 is
computed and so on back to the first week in the same year [18].

When the water values have been computed backwards for one year (note first the last year’s
water values are computed), the water value at the beginning and at the end of the year are com-
pared. If they deviate more than a certain threshold the water values at the end of the year are
replaced with the water values at the beginning of the year. This process is then iterated for one
year at the time until the deviations between the water values in the beginning and at the end of

1Norges vassdrags- og energidirektorat
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the year are small enough [18].

Long-term, the only factor influencing the water value is whether the reservoir is near full or
near empty. Consequently, as long as the last week N of the planning period is far enough from
the first week, the final solution is independent of the first initial guess for the water value in week
N . How many weeks that are needed for this to hold depends on the reservoir’s degree of regulation
R, see equation (2). Recall that the hydropower equivalent is used in this part of EMPS, meaning
that there is only one reservoir per area [18].

R =
Reservoir size [Mm

3
]

Mean annual inflow [Mm
3
]

(2)

The stochastic inflow is accounted for by including the weekly inflow scenarios as outcomes of some
discrete probability distribution. Then the optimal operation within the week n is calculated for
each inflow scenario. The water value in week n − 1 is then computed as a weighted average of
different scenarios of the water value in week n. Each week n has different scenarios for the water
value as a result of the inflow scenarios [18], see figure 5.1.
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column 52 N+1 is the value for the end of week number 52 in the last year. This is illustrated in 
Figure 5-7, where the reservoir is divided into 51 discrete points.

Figure 5-7: Iteration process water value calculation

The water values in column 52 N+1 are given initial values. The water value is then calculated 
back one year. The water value in each discrete point is calculated as described above, using 7 
realizations Qik of the stochastic inflow, where i is the week number and k a counter for the inflow 
alternative, cf. the next Section.

The water values in column 52 N+1 are given initial values. The water value is then calculated 
back one year. The water values at the beginning and end of the year are compared. The initial water 
values at the end of the planning period are replaced by water values calculated for the beginning of 
the last year if the deviation is larger than a desired tolerance and the values are then calculated 
again. This is repeated until the desired precision is reached and the water values for the remaining 
N-1 years are then calculated. The number of necessary iterations depends on the initial guess as 
well as the degree of regulation. A necessary requirement is that the generation system and the 
relation between the market and energy supply is unchanged after the beginning of year N. This 
condition means that water value columns at the start and the end of the year are equal. The result is 
the same if identical data is inserted for so many years ahead in time that the result is independent 
of the initial guess.
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Figure 5.1: Illustration of how the water values are computed, Qik represents the stochastic inflow
week i and scenario k. Figure found in [18].

5.2.2 Simulation phase

The simulation phase consists of two main parts - the area optimization and the drawdown model.
First the area optimization is used to solve the optimization problem including all areas of the
model. Here the computed water values together with the reservoir levels for each week from the
strategy part are used as inputs. Since the stochastic nature of the inflow was included when com-
puting the water values and reservoir levels the area optimization can be solved deterministically
[15]. The area optimization is formulated as a linear optimization problem where the objective
function is to minimize the production costs given some constraints related to hydrological bal-
ances, power balances etc [18][17].

Next the drawdown model is used to disaggregate the production plan from the area optimization
of the aggregated hydropower equivalent into a plan for the original hydropower modules. The
drawdown model uses a rule-based approach and is therefore not part of an optimization [17].

In the simulation phase the final solution is found by iterating the area optimization and the
drawdown model. After each area optimization the drawdown model is applied, if the production
plan from the drawdown model violates some constraints the area optimization is done again with
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adjusted inputs. Some inputs that can be adjusted are minimum and maximum discharge con-
straints, total energy inflow etc. This procedure is repeated until the deviations in the drawdown
model are within some limits or when a maximum number of iterations have been made [18].

5.3 Calibration

The main calibration is done to adjust the water values in the strategy phase, this will then af-
fect the results from the simulation phase as well. When the water values are calculated, they
are computed for each area individually without taking connections between different areas into
account [15]. Therefore it becomes necessary to connect these areas via the calibration process.
The calibration is done by adjusting three different parameters which are used to connect the areas
together. These parameters can be said to give indirect information to each area about possibilities
for power exchange with the other areas. The calibration is meant to compensate for simplifica-
tions made in the model [14].

The three calibration parameters are [18]:

1. Feedback factor → adjusts the firm demand in each area, as share of total firm demand

2. Form factor → adjusts the annual distribution of the firm demand

3. Elasticity factor → adjusts the price elasticity of the flexible demand

Typically the Feedback factor is the most important calibration parameter [14]. The firm demand
make up the largest share of the total demand which plays a significant role when calculating the
water values [18]. Moreover, the Feedback factor can be seen as indirectly influencing to which
extent the different areas are connected by ”moving” demand from one area to another [17].

The calibration process can be done either manually, which requires experience of the user, or
automatically. However, regardless of how the calibration was done it is always up to the user to
interpret the results and assess the quality and accuracy of them. One way to assess the calibration
is to compare historical reservoir curves to those given by the model [17].
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6 Summary

The power system models described here are used by all larger hydropower owners, transmission
system operators and other regulators in the Nordic countries. They can be used for long-term
planning, price forecasts and future scenario analyses among other things.

All four models considered here (Apollo, Balmorel, BID3 and EMPS) utilizes so called hydropower
Equivalents with one or two stations per geographical area. In BID3 and EMPS the inflow is
divided into regulated and unregulated inflow and only include one hydropower station and asso-
ciated reservoir per area. Apollo and Balmorel on the other hand include two hydropower stations
per area, one regulated, with an associated reservoir, and one unregulated.

Below, in table 6.1 some general aspects of the Apollo, Balmorel, BID3 and EMSP models are
highlighted.

Table 6.1: Summary of general aspects

Apollo Balmorel BID3 EMPS
Stochastic/deterministic Deterministic Deterministic Stochastic Both
Model Linear Linear Non-linear /Non-/linear
Ramping 1h, 4h and 168h 1h ? -
Inflow MWh/h MWh/h MWh/h MWh/h
Stations/area 2 2 1 1
Reservoirs/area 1 1 1 1
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