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Introduction
The conventional fossil-fuel-based energy system has proven to be one of the main
drivers of earth system change, especially climate change1. The transition from the fossil
fuel based energy system to a renewable based energy system is one of the widely
advocated and modelled solution pathways for achieving long-term sustainable
development and climate change mitigation. However, results regarding their
contribution to climate change mitigation and sustainable development are dependent on
the assumptions made with regards to renewable energies. While renewables, generally,
play an important role in terms of climate change mitigation as they are less carbon
intensive than fossil fuels, their characteristics need to be considered when it comes to
climate change adaptation as some of them can be impacted by climate change.
Therefore, the paper deals with the following research question: How to model
renewable energies in energy-climate models for 2050?
First, renewable energies and their technological, environmental and economic
characteristics that are relevant for the national and global scale are analysed in a
disaggregated manner. Second, this is contrasted with assumption on renewables in
selected climate-energy models. Based on this the gap between the current knowledge
on renewable energy potentials and modelling practices is explored. To further
strengthen this argument and to present a possible alternative of modelling renewable
energies two case studies at the national and global level are provided. A model that
draws from the pre-existing energy and transport system model of the Icelandic energy
system but captures the physical realities of renewable resources for electricity
production such as the impact of climate change on hydro resources as well as
geothermal resource drawdown, is built. For the global scale the example of Neodymium
(Nd), a critical and potentially scarce material especially relevant for wind turbines and
electric vehicles, is modelled in order to show how material scarcities can influence the
contribution of wind power in the future energy system. The simulation of both example
cases run up to 2100. The simulation efforts provide insights into how different
assumptions on renewables can affect model results.
Theoretical background on renewable energy characteristics
Renewable energy as defined in the IPCC report includes “any form of energy from
solar, geophysical or biological sources that is replenished by natural processes at a rate
that equals or exceeds its rate of use. Renewable energy is obtained from the continuing
or repetitive flows of energy occurring in the natural environment and includes lowcarbon technologies such as solar energy, hydropower, wind, tide and waves and ocean
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thermal energy, as well as renewable fuels such as biomass”2. The German Advisory
Council on Global Change (2003) adds geothermal energy to the list of renewables and
states that renewables’ “overall potential is in principle unlimited or renewable, and is
CO2-free or -neutral”3.
Combined, those two definitions comprise a broad spectrum of renewables and explain
assumptions about them. One important aspect about the definition is the notion of the
rate of use, because any energy resource harvested beyond its recovery rate can be
unsustainable even if the resource is renewable. This relates to the second aspect
addressed by the IPCC’s definition and the theoretical limits of renewable resources. In
their paper “An assessment of global energy resource economic potentials” Mercure and
Salas (2012) define renewable and stock energy resources. They describe “stocks,
where “energy may be extracted from fixed amounts of geologically occurring materials
with specific calorific contents” and “renewable flows, where energy may be extracted
from continuously producing onshore or offshore surface areas with wind, solar
irradiation, plant growth, river flows, waves, tides or various forms
of heat flows”4. This definition clearly distinguishes between stock and flow resources.
According to this definition all renewable resources would count as flows and fossil as
stocks. However, some renewables can be depleted for a period of time, if they are
harvested excessively, and their regeneration rate is slower than their harvesting rate.
For example, in some cases geothermal regeneration can take up to 100 years5 . Thus,
it is argued that not all renewable energy sources can be seen as flows (flow-based),
should be seen as stocks (stock-based).
While those renewable resources that are flow-based are more or less temporarily
available in unlimited quantities, the renewable resources that are stock-based can be
exhausted if the rate of use exceeds the regeneration rate. Flow-based means that
resources can be harvested while the flow occurs (e.g. sun shining, wind blowing), but
do not build up and accumulate and therefore cannot be stored or harvested at a later
point in time. At the same time making use of those flow-based renewable resources
does not reduce their availability. Stock-based renewable resources, on the other hand,
build up and accumulate in a stock (e.g. biomass). Once the stock is available the
resource can in principle be used at any time, however any use of this resource draws
from the available stock and decreases availability. Additional capacity, up to a certain
limit (e.g. due to space available) can be added to the stock.
Whereas stock-based renewables are limited by some capacity factor and rate of
recovery, flow-based renewables do in theory not have any limitations as pointed out by
the German Research Council of Global Change. However, some harvesting
technologies of flow-based renewable resources depend on scarce or critical materials,
which may limit the potential of flow-based renewable energy harvesting with currently
available technology. There is an ongoing discussion about the dependence of
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sustainable development on mineral supply6. Research on materials criticality in general
and materials criticality for renewable energy technologies in particular is an emergent
field7 8 9 10.
With regards to their CO2 characteristics renewables are often described as CO2 neutral
or free, as in the definition above. Bio resources (e.g. biomass, biofuels) also produce
CO2 emissions during their use. In this case, the rate of use is an important indicator,
since they can be considered CO2 neutral if the CO2 emissions during the harvesting
process are offset during by the growth of the bio resource used11. This factor is also
considered in the European Union’s (EU) Renewable Energy Directive. Hence, the
“Commission's November 2016 proposal for a revised Renewable Energy Directive
includes updated sustainability criteria for biofuels used in transport and bioliquids, and
solid and gaseous biomass fuels used for heat and power. Annexes V and VI include
updated greenhouse gas emission accounting rules and default values”12.
An important aspect, which is not explicitly addressed in the definition but stems from the
nature of all renewable resources, except geothermal energy resources, is their weather
and climate dependency. A number of studies have investigated climate impacts on the
overall energy system13 14 . Since most renewable energy resources depend on the
climate the impacts of climate changes on renewable resources has increasingly gained
attention. The effects of climate change can be positive if a change in the climate might
increase the availability of a certain renewable resource (e.g. more sun radiation) or its
production capacity (e.g. better growth conditions for biomass). Another positive effect
could be the more equal distribution of a certain resource throughout the year,
decreasing seasonal variations (e.g. more equal hydro flows). Climate change can also
negatively affect the availability of resources as the conditions might decrease available
resources (e.g. less available hydro resources through decreasing glaciers and rainfalls)
or make conditions of production harder (e.g. lack of water or more parasites threatening
biomass production due to hotter climates) and extreme events can alter the supply
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capacity of renewable resources15 16. Since climate change, at least to some extent,
seems unavoidable, its impacts on the renewable energy resources and therefore
energy supply should be considered when building future energy scenarios, especially
because renewable energy resources are often seen as the solution to combating
climate change. This was shown by a study carried out for the Nordic countries17.
Each of the renewable energy resources has very specific characteristics. Those
characteristics of renewable energies are functions of physical realities and some are
related to technological factors (e.g. climate impact on renewable resources, existing
harvesting technologies). Consequently, analysing renewable energy is a complex task
and to identify and assess their possible contribution to climate change mitigation and or
adaptation is complicated.
So far, many of the energy system models do not consider the characteristics of
renewables in a detailed manner, but given the importance of the aforementioned
characteristics a more careful treatment of renewables in climate-energy models is
necessary.
Renewable energy resources in models
There are a number of reasons why the advancement of materials criticality study field
has not influenced the modelling practice of renewable energy so far. One of the main
reasons that materials criticality studies are not included by renewable energy modellers
is the absence of a commonly agreed methodology for materials criticality assessment18
19
. As a result of this, different studies on critical materials assessment come up with
divergent results and lists of critical materials, which makes it hard to integrate the
assumptions on material scarcity to the energy model. Another challenging aspect of
assessing material criticality is the scale. Criticality can be assessed on a national scale
or international scale 20 , comprising all major sectors of the economy 21 22 23 24 25 or
particular sectors26 27.
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Most of available long-term energy scenarios based on energy system models do not
take to account availability of minerals and metals necessary for providing enough
renewable energy harvesting materials28 . This statement is based on analysing the
renewable energy assumptions of the following models: MESSAGE 29 , TIMES 30 ,
PRIMES31, NEMS32, OSeMOSYS33, Prometheus34, LEAP35, En-Roads36. With regards to
the climate change impact on energy resources themselves, this has been modelled for
some cases. However, as this is connected to uncertainties about the actual impact of
climate change, often this is not modelled on a national energy system scale or
beyond37. Concerning geothermal resources, their drawdown is usually estimated for
individual wells and it is difficult to provide exact numbers due to the nature of its
complexity38. Therefore, it is hard to integrate them into national energy system models
and has not been done in any of the reviewed models.
Simulation of renewable resources example cases
In order to understand how the assumptions underlying energy models influence their
results related to climate change two simple system dynamics simulation models are
built. The simulation period is 2100 as it is assumed that a sustainable energy system for
2050 needs to be able to be sustained beyond this.
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The two example case models are developed to illustrate how variations in the inclusion
of different characteristics of renewables can affect their role in the overall energy
system by using system dynamics modelling. The first case provides an example of the
possible impact of resource scarcities on wind energy a global scale. The second case
takes Iceland as a national case example to show how the integration of potential
climate change and different assumptions about geothermal drawdown influence
resource availabilities for the electricity supply system.
Since it can be argued that the energy system holds characteristics of a complex system
and system dynamics is a methodology for analysing complex systems 39 , system
dynamics modelling is seen as an appropriate method for the simulation of the two
example cases.
There are three main advantages of system dynamics as a methodology that make its
use especially relevant for this study:
(i) System dynamics is suitable for modelling feedbacks between different variables40.
This aspect is particularly relevant in this study for addressing the feedback between
resource scarcities and/or climate change and the energy system is a central element of
analysis.
(ii) System dynamics makes structural difference between stock and flow structures41.
This aspect is particularly relevant considering that modelling renewable energy
resource limits we depart from the assumption that flow-based renewable energy
sources are not unlimited and depend on the stocks of natural materials needed for
harvesting.
(iii) System dynamics is suitable for addressing material as well as information delays
in systems42.
There are number of delays associated with energy system capacities and with
connections between energy system and climate system. None of the climate or energy
capacity building delays are explicitly addressed in this study, but addressing them
would be very beneficial for further research.
The modelling software used for building the example models on the global as well as
the national scale is STELLA.
Global example case
On a global scale an example model structure to address the aspect of materials
criticality for renewable energy was built. The goal of this simulation exercise is to show
an example of how the connection between scarce materials and renewable energy
harvesting technologies can be modelled. The ultimate objective of doing this is
checking a feasibility of long-term scenarios for renewable energy supply for mitigating
climate change. For this purpose, a simplified example of wind energy dependence on
Nd on a global scale was provided. According to long term global energy scenarios up to
60% of electricity on a global scale will come from solar photovoltaics (PV) and wind43.
39
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To reach the desired level of wind energy generation enough wind energy capacity
needs to be built, which would require a certain amount of scarce or critical materials.
Among those materials is neodymium (Nd) which is considered to be a critical one
according to materials’ criticality studies44.
The model structure is based on the Generic Exploratory System Dynamics Model by
Erik Pruyt45. Considering the simplified structure of the model, the simulation is not
aimed at providing realistic numerical results, but rather seeks for stocks and flows
behaviour patterns that may help illustrating the importance of accounting for material
scarcities in the long run to better understand sustainable energy transition patterns.
There are several main assumptions on which the model structure is based:
(i) Nd is the only critical material needed to produce the magnets for windmills;
(ii) availability of Nd is the only factor influencing supply of wind-generated energy;
(iii) all Nd mined globally used only for the windmills magnets;
(iv) the Nd mining capacities are static and cannot be increased during the simulation
period;
(v) the availability of Nd is dependent only on the physical material stock of metal, no
economic or political factors are included;
(vi) there is no obsolescence of wind energy capacities.
By changing the assumptions in this modelling exercise and broadening the boundaries
of the explored system (for example, by including a potential increase of mining
capacities and associated with this long-time delays), it is expected to get additional
insights and increased results accuracy for better understanding of energy system
transitions can be obtained.
National example case - Iceland
The Icelandic example case model simulates possible future electricity scenarios for
Iceland. According to the Icelandic National Energy Authority currently 97% of the
electricity produced in Iceland either comes from geothermal (25%) or hydro (72%)
electricity production46. In order to show how differing characteristics of renewables
considered for modelling the electricity system affect the results with regards to the
resource utilization and its impact on the energy system (i.e. installed electricity
generation capacity, electricity prices, electricity generation, construction of additional
generation capacity) following four different scenarios are investigated:
(i) Simulation 1 baseline scenario - geothermal resources without drawdown and
the hydro resource without climate change impacts on them;
(ii) Simulation 2 geo drawdown scenario - geothermal resource drawdown is
considered but the impact of climate change on the hydro resource is not
considered;
(iii) Simulation 3 CC impact on hydro scenario - geothermal resource drawdown
is not considered but the impact of climate change on the hydro resource is
considered;
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(iv) Simulation 4 combined scenario - geothermal resource drawdown as well as
the impact of climate change on the hydro resource is considered.
The model used for modelling the Icelandic example case draws on the UniSyD_IS
model, which has been developed jointly by the University of Iceland and Unitec.
UniSyD_IS is the Icelandic energy and transport systems model used to conduct
research on energy and transport transition pathways within Iceland47.
The model used to simulate the Icelandic example case builds on the electricity supply
and market module of the UniSyD_IS model. While the latest version of the UniSyD_IS
model includes an option for assessing the impact of climate change on hydro
resources48, it does not include the effect of geothermal drawdown. The effect of climate
change on hydro resources, like for other renewable resources, is locally specific49 . The
climate change impact for Iceland is integrated as the option for the hydro resource to
adapt to climate change. The geothermal resource can be seen as a stock-based
resource because a certain capacity of the resource is available and using it reduces its
available production capacity, which is referred to as geothermal drawdown. Several
studies have shown that geothermal drawdown is an important aspect when planning
and assessing (future) geothermal supply systems50. Geothermal drawdown is a process
that occurs when harvesting geothermal resources. As the geothermal resource gets
used pressure of the resource decreases within the reservoir. To some extent the
drawdown is compensated through a natural recharging process, but if the resource is
used excessively the drawdown exceeds natural recharge and the geothermal
production capacity decreases. An option to prevent a too rapid drawdown is artificial
reinjection51 (Axelsson 2012). As it is very complex to evaluate geothermal drawdown on
a national scale, an assumed scenario is used to simulate the dynamics resulting from
geothermal drawdown, without considering detail on reinjection 52 . The demand is
assumed to be inelastic to prices and based on the forecast of the Icelandic energy
authority, which goes until 2050 and after this it is assumed that demand growth levels
off and stays almost constant.
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Results and Discussion
Global example case – Nd
The simulation of Nd on a global level shows that in the latter half of this century
scarcities will affect the availability, hence also prices of Nd. Additionally, delays due to
the construction of mining capacities may occur.
Simulation results show that a deficit of Nd can be expected after 2080, when available
Nd mining capacities cannot cover Nd demand needs. This time period goes beyond
2050 which is the final simulation year for most of energy scenarios. To address this
potential bottleneck of Nd, additional mental mining capacities may be required. An
increase of mining capacities may be associated with long time delays, political and
economic risks. An increase of Nd recycling capacities helps partly compensate for Nd
supply scarcity. However, if in the long run if Nd supply demand continues to rise, an
increase of mining capacities will still be needed. As it was mentioned before, the
structure of the current simulation does not include an obsolescence of wind power
capacities. Considering the simulation time beyond 2050, a replacement of installed
wind power capacities with new capacities should be expected. This would lead to
additional increase of demand for materials needed for power capacity building.
Economic consequences of Nd supply shortage in a simulated model are modeled as a
Nd supply shortage effect on Nd price based on Erik Pruyt’s system dynamics model
structure53. Simulation results show increasing speed of Nd price growth, especially after
Nd supply shortage becomes evident.
The main question the Nd simulation exercise aimed to answer is: whether modelling
stocks of scarce materials for harvesting renewable energy sources can affect
availability of renewable energy in a long run and, consequently, its contribution to
climate change mitigation? The simulation results illustrated that availability of scarce
materials needed for harvesting certain types of renewable energy indeed can influence
the renewable energy production capacity. In fact, the simulation results described in this
section are the product of the underlying modelling assumptions. Thus, such results
should not be interpreted as a confirmation that availability of renewable energy in a long
run will be threatened by the availability of scarce materials needed for harvesting, but
rather should be seen as an illustrative exercise for supporting further discussion on
challenging conventional assumptions about renewable energy in energy models.
Despite the fact that physical supply chain structure, as well as market structure for Nd
in the current simulation are modelled in a simplified way and further development of
more detailed and realistic model’s structure is needed, simulation results help
supporting the discussion of whether it is possible to meet long-term goals on renewable
energy supply, considering potential material limits of harvesting technologies for flowbased renewable energy.
National example case – Iceland
In the baseline scenario, the electricity price increases moderately in the beginning of
the first half of the century and levels off once no additional capacity construction is
required, because demand is almost constant after 2050. As the hydropower capacity as
well as the geothermal capacity stays constant, due to the lack of drawdown, no further
construction after 2050 takes place.
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The highest electricity price occurs in the geo drawdown scenario. Due to the drawdown
of installed geothermal capacity a constant construction of additional capacity is
required. Although geothermal as well as hydro capacity are added, the main share of
electricity installed and produced comes from hydro power plants. For approximately 50
years in the mid of the century total generation capacity is slightly lower due to
geothermal drawdown and delays in construction of new generating capacity.
The lowest price occurs in the CC impact on hydro scenario. The price only grows for a
short period of time and then stabilizes. Similar to the first scenario additional generation
capacity is added up to 2050 when demand stabilizes. The overall generation capacity of
hydro and geothermal generation capacity is almost the same as in the baseline
scenario. However, geothermal generation is lower and hydro generation is higher, due
to the more constant and higher water flows more electricity can be generated from the
same amount of installed hydro capacity.
The price in the combined scenario is between the price of the highest price and the one
of the baseline scenario. This results from the installed capacity and the built up of
geothermal and hydro capacity that is slightly higher for hydro capacity and slightly lower
for geothermal capacity than in the scenario of geo drawdown. The electricity generated
by hydro power plants is the highest, as there is a positive impact of climate change as
well as a drawdown geothermal resource capacities.
The simulation results show that depending on the assumptions underlying the resource
potential different possible future energy scenarios emerge. While some investigated
aspects, such as installed capacity, electricity generation and additional capacity
construction show similar trends in some scenarios, the electricity price significantly
differs in all four scenarios.
One aspect not addressed in detail in this analysis is the aspect of wind power plants for
electricity generation. Especially in the scenarios of the second and fourth simulation,
wind significantly increases as geothermal drawdown becomes apparent. This means a
continuous renewable resource is replaced by an intermittent one. A detailed analysis of
the implications of wind generation into the electricity system goes beyond this study and
should be subject of further research.
Another factor not addressed in this example case simulation is the feedback between
electricity prices and demand. Generally, increasing prices lead to a decreasing
demand. Hence, including this mechanism into the model will be important for future
analysis.
Conclusion
Modelling renewables and their distinct physical characteristics affects assessments of
their ability to contribute to climate change mitigation and a to the long-term
sustainability of the energy system. This study aimed to look at how changing
assumptions for renewable energy modelling can impact long-term scenarios of
renewable energy availability. By simulating the case of climate change impact on
geothermal energy availability in Iceland and the case of Nd availability for wind power
on a global scale, we show that supply and prices of renewable energy in a long are
affected by climate change and critical materials availability.
There are many assumptions in our models to be reconsidered by the further research to
make the simulations’ behaviour more realistic and to test the feasibility of sustainable
energy future in a more rigorous way. Reconsidering assumptions of renewable energy
may require an increase of simulation time beyond 2050, since there are insights related
to materials availability, climate change effects or need for additional power and mining
capacity that become evident after 2050.

10

