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Long-Term Scenarios for the Integration of Photoveltaics
into the Global Energy System

Bent Serensen
Roskilde University, Institute of Mathematics and Physics.
P.0.Box 260, DK-4000 Roskilde, Denmark

Abstract

The paper discusses the role of photovoltaics in current energy scenario work on a local, regional
or global scale, for the mid-21st century.

1. Introduction ~

A number of recent or ongoing projects deal with planning options for energy efficiency and
renewable energy supply, in Europe [1-3] and globally [4,5]. The study presented here specifically
looks at the role of photovoltaics in such scenarios for the future.

Two types of scenarios are considered. One is a fair market scenario, which assumes that price
distortions in the energy field are eliminated by including environmental and other externalities in
the prices of different energy forms. The other is an ecologically sustainable scenario, that in
principle may be continued indefinitely with no resource depletion or increase in environmental
impacts. In both types of scenarios renewable energy sources may become primary sources of
energy, and substantial amounts of photovoltaic power would be expected to be incorporated into
such scenarios for a future dated so far ahead, that the expected lowering of PV production costs
makes this technology meet the costs of conventional energy sources, augmented with social
externality costs.

2. Brief description of scenarios used

Four scenarios proposed recently will be analysed in terms of their expectations for PV. Their key
features are as follows:

2.1. Ecologically sustainable scenario

This scenario assumes on normative grounds, that future energy provisions will be based on a
system that does not cause depletion of resources or irreversible alteration of our environment.
The scenario was first constructed for the country of Denmark (and named the "dark green
scenario" of the Technology Council Study [3]). The scenario requires Denmark to be
selfsufficient in energy, and energy trade with neighbouring countries is not considered. The
largest components are wind power and gaseous and liquid fuels derived from the large Danish
agricultural sector, but also some solar heat and building-integrated PV are considered. The
intermittency of the wind and solar inputs is dealt with by extensive use of reversible fuel cells and
fuel stores, such that the backup is both from biofuels and from gas produced during periods of
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high solar or wind power production and stored in underground caverns (for which several Danish
locations are favourable). Substantial effort is made to lower energy demand by energy efficiency
measures. The scenario for the year 2030 is depxcted in anure 1.

2.2. The fair market scenario
This is a scenario for the mid 21st century for the current 15 European Union countries [6], based

-———— - ——onrthe assumption that -market forces will-introduce renewable-energy;if the-social-costs-of fossil- - ————

and nuclear energy are considered (global warming, accidents, etc. [7,8]). These costs may be
directly reflected in prices (by an environmental tax) or may be incorporated only in the decision
processes. Photovoltaics is assumed to play an increasingly large role as one goes towards the
Southern part of Europe, and in addition to building-integrated units, there are central installations
on marginal land, e.g. in Spain, as well as energy trade with Middle Eastern and North African
countries, replacing their current oil exports with a smaller volume of solar electricity export. Also
wind and biomass are important ingredients in the scenarios, with varying shares in different
countries, depending on resource estimates. Again, greatly improved energy efficiency is believed
to be economical if the marked prices include externalities (this is the meaning of the term "fair"
market). Figure 2 shows the overall European energy scenario for the year 2050, with Figure 5
showing the transition in energy supply. The penetration of PV in each country is given in Table
1.

2.3 Decentralized renewable energy scenario

This is similar to the sustainable scenario but assumes a decentralized development of activities
in society, which in terms of preferred energy systems means building-integrated PV and dispersed
wind turbines, but no central solar receivers or large wind parks. The scenario is a global one, for
which the regional distribution of sources is under investigation. The challenge associated with the
decentralized paradigm is to determine a mix of locally available energy sources that will fulfill
demand while minimizing energy trade (not eliminate it, as there will still be transmission grids
interconnecting countries and regions, e.g. for electricity). The draft summary of the 2050 scenario
is depicted in Figure 3 [5].

2.4. Centralized renewable energy scenario

This global scenario differs from the previous by allowing centralized PV installations in solar-
favoured regions and thus more trade and transmission. Thereby it becomes possible to diminish
the use of biomass in the energy sector, which is seen as a response to the quest for a sustainable
agricultural practice, where agricultural land is not degraded or polluted by pesticides. The draft
scenario summary is presented in Figure 4 [5]. The assumption of a 1 kW/cap. demand for the two
global scenarios is fulfilled by combining a near full satisfaction of primary and secondary needs
in all parts of the world with a high conversion efficiency from production through conversion all
the way to the end-use.

3. PV penetration

Table 1 lists the penetrations of PV technology assumed in each scenario, and for the European
scenario for each country. A calculation of potential production on suitably oriented rooftops and
building facades was made on the basis of detailed building statistics in Denmark and Germany.
In one region of Germany, the orientation and shade effects were assessed in further detail, and
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the results extrapolated to other regions of Europe on the basis of population density {9]. The
fraction of the calculated potential actually used in the scenarios varies from 10 to 78%, as
indicated in Table 1. The smallest penetrations are for high-latitude areas, while the largest
penetrations are in sunny and clear regions. The values quoted for these regions, although smaller
than the building-based potential, in practice include stand-alone systems. The installed collector
area is given relative to the total land surface, as well as to population. Further, Table 1 gives the
production per m? of collector, as an indication of the solar regime, as well as per capita. The
system efficiency by 2050 is assumed to be 15%. As illustrated in Figure 6, penetration is high in
suitably located areas with high building density, but also in sunny areas with much marginal land
(e.g. Spain and Greece), despite a lower population density. Finally, Table 1 gives the fraction of
the total scenario production of electricity, that is derived from PV. For the European scenarios,
this fraction is low except for the Mediterranean countries, while for the global scenarios, it is
considerably higher. This reflects that a large portion of world population lives in areas with high
levels of solar radiation, and that other renewable sources such as wind are less prominent in these
regions than in European coastal areas.

4. Conclusions
‘It is seen that many in the current generation of "greenhouse warming mitigation" scenarios place
faith in the photovoltaic development. Of course, there are other scenarios emphasizing safe
nuclear or clean fossil solutions [5]. The interesting common feature is, that expectations of
rational energy use makes it possible to choose renewable energy scenarios with a very high share
of PV, without encountering serious constraints from land use. In fact, even the most ambitious
PV scenarios can be accommodated using only part of the building-based potential surface area.
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Figure captions

Figure 1. Scenario for an ecologically sustainable Danish energy system for year 2030 (units PJ/y)

31

Figure 2. The fair market 2050 scenario for the 15 members of the European Union (units Twh/y)

[61.

Figure 3. Global 2050 scenario based on renewable energy used in a decentralized fashion (units
GWyly) [5].

Figure 4. Global 2050 scenario based on renewable energy including centralized facilities (units
GWyly) [5].

Figure 5. The primary energy supply in the European Union fair market scenario (units W/cap) [6].

Figure 6. Average PV power production (W/cap.) and installed PV capacity (m*/km’ of land) in
all the scenarios.

Table caption

Table 1. Installed power production and average PV power production in scenarios.
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Figure 3. A global 2050 decentralized renewable energy scenario (GWy/y).
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