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When we ask which energy technologies will be important in the future, it can
sometimes feel like a horserace. We want to bet on the right horse to bring us to a
sustainable future. Which energy source has the most potential? Which have the
greatest uncertainties?
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This then leads to integrated assessment models, or E3 (Energy, Environment, and
Economy) models.
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These models are quite complicated to describe in short presentation, but I would like to
give a conceptual picture of what is going on. An integrated assessment takes exogenous
projections of population, labor productivity, and therefore GDP, and uses that to
calculate demand for energy services in transport, industry, buildings, as well as timber
and food. On the other side, the model has data on energy resources and potentials
(including price projections) for the fossil resources: coal, oil and gas; nuclear; and the
renewables: solar, wind, geothermal, hydro, biomass. The model then has land
availability by type, forest productivity, and agricultural production. These are then
balanced by supply and demand, assuming free trade, and subject to policy constraints
such as climate targets or taxes on emissions. The model then finds the optimal least
cost solution.
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Meeting a 2‐degree target (or the even more ambitious 1.5‐degree target) will not be
easy. Given the current INDCs, there isn’t much carbon budget left for the rest of the
world.
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Here are some examples from the Global Change Assessment Model, that is constrained
to meet the 2.6 W/m2 radiative forcing limit that has a more likely than not change of
keeping temperature increases under 2 degrees C. One scenario allows CCS, the other
does not. The model depends heavily on bioenergy, which is currently our largest source
of renewable energy, at around 55 EJ. Expanding this to 400 EJ by the end of the
century is quite ambitious (I’ll talk more later about bioenergy). I am not sure this is a
future I want to live in.
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At DTU, we have made a user friendly, simplified version of IAM results, based on I=PAT,
that you can play with. You’ll find that creating a sustainable future requires disruptive,
revolutionary changes.
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There is a lot of confusion about these types of models. They are not clairvoyant; they
cannot predict the future. They cannot predict technical innovations or large structural
changes. If they could, modelers would be quite wealthy. There is no “best model” or
“correct scenario.”
I have been asked, “how likely is this outcome?” The answer is zero. The models show us
tendencies and tradeoffs between different scenarios.
There are many limitations to these models.
Many of the questions we would like to know about the future are exogenously defined
(as in, the model cannot calculate future prices and transformative technological
innovations). If it could, we would be very wealthy as researchers! Finally, population
and economy are exogenously defined (the models are linear), and yet we know that
investment in modernizing energy systems (e.g. electrification in developing regions of
the world) stimulates growth in new economic sectors.
The solution to climate change is not just a matter of optimizing our current energy
system. It is about transforming it. Using the model to tell which horse will win doesn’t
really help us. Instead we want to change the rules of the game.
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This brings me to an important point about policy analysis‐ indulge me while I get a little
philosophical. Ultimately we are interested in policy analysis, and this requires some
philosophical assumptions‐ that are different from the physical sciences. The first is that
we have to assume that some outcomes are better than others, and second we have to
assume that we have the power to change things. Models cannot do this‐ they are non‐
normative and deterministic.
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That said, I want to focus now on three themes: energy efficiency, biomass and
bioenergy, and low carbon transportation. Incidentally, these are related to the 3 largest
sources of anthropogenic emissions (buildings, agriculture, and transport).
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I start with energy efficiency

11

A few years ago, I was involved with using integrated assessment modeling to determine
pathways to reach the UN Sustainability For All initiative. This initiative has the goals of
ensuring universal access to modern energy, doubling energy efficiency, and doubling
renewable energy. I’m going to talk about the energy efficiency goal.
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Looking at energy efficiency‐ most regions of the world have increased GDP at a rate
faster than which they have increased energy consumption, leading to a global 1.3%
annual reduction in energy intensity (so called EIIR, energy intensity improvement rate).
To double this, we can calculate (with the model) the optimal way to reach 2.6%
globally. We see it is rather ambitious target, requiring EIIRs much more drastic than we
have historically seen.
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This is a straightforward research plan for modeling studies‐ we model a BAU scenario,
then we model a scenario that reaches the targets, and we see what the implications
are in terms of technology, sectors, and costs

15

But when we modeled the BAU, we found that the model was already meeting the
targets! So the free market has got this one, we can sit back and relax? No. But it does
tell us something‐ that energy efficiency improvements do make economic sense‐ they
are a win‐win.

16

However, there are many non‐technical barriers (PESTLEG; or whichever acronym you
prefer) to energy efficiency that have to be understood and addressed, and this makes it
more than just a technical problem. So we had to create a BAU that was constrained‐
continuing the historic EIIR
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Nevertheless, we persisted and find that the lowest hanging fruit are in the industrial
sectors. (In this figure, the industrial subsectors are red hues, transport is blue,
residential is green, and commercial is gold). However, the largest potentials and
investments needed to reach the target are in the residential and transport sectors.
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Another key finding is that Renewable energy deployment is economically synergistic
with investments in energy efficiency; that pursuing one policy inspires investment in
the other, and that together they reduce emissions more than the sum of the
independent polices.
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Roughly 75% of the 2050 building stock already exists today‐ this means renovation will
be a key strategy, and high efficient building materials and design will be a key
technology moving forward. We therefore expanded the model to consider this. Here
there is a large potential for energy savings in retrofitting buildings, particularly in
Europe, though we found that the costs of renovation were lower in developing regions.
One important consideration with renovation is lock in. We assume that it is unlikely
that building owners will undergo successive renovations, therefore, some incentives
must be in place so that they choose deep renovations rather then moderate
renovation‐ otherwise, we risk losing almost 75% of the potential savings. Furthermore,
strict codes will be necessary for new construction as the world becomes more
urbanized (up to 2/3rds of the worlds population is projected to be urbanized by 2050)
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I want to move to the second topic, biomass, which remains one of the “wild cards” and
one of the resources with the largest uncertainties going forward in the future.
Bioenergy is our largest source of renewable energy (13% of global final energy
demand).
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The future energy system will need biofuels and bioenergy. Biofuels will still be needed
for some applications, such as heavy transport and air travel. Biomass is also an
important chemical feedstock.
BECCS is an interesting case. About 15 years ago, it was seen as a theoretical risk
management option. Now, regrettably, it is appearing to more of a necessity.
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However… to the degree this is possible depends on the potential supply of biomass.
Here, I model two diet scenarios: the first the world evolves to a an average western diet
(US, Canada, Europe, Australia) with 33% animal products with 3800 kcal/person/day,
and the other is an Indian style diet with about 10% animal products and 3000
kcal/person/day.
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We tend to compartmentalize a bit here, there is the energy system, and then there is
food production. But they are inextricably linked. We don’t talk about diet when we talk
about energy, but we need to begin to have that conversation. Food is energy, after all.
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The third theme I want to talk about is transportation. We are at the beginning of a
revolution in transportation‐ how we power it, how we think about it, and its level of
integration with the energy system.

25

In 2015, there were 1 million EVs, in 2016, there were 2 million. The projections for
market uptake are being radically adjusted upward every year.
We must electrify the vehicle fleet (and/or move to hydrogen) if we want to reach a zero
carbon energy system (90% of European vehicles are powered by fossil fuels).

We are at a point where there would not be much extra that could do through
public action – except for banning diesel and gasoline car sales from a certain
point in time (2035 at latest).
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This also, along with smart technology and prosumers, will radically transform our grid.
Prosumers could produce up to 45% of Europe’s electricity by 2050 (CE Delft Study /
REScoop)
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This will change the way we think about transportation. The evolution of autonomous
vehicles is a huge potential game changer. What is most interesting is the level 5
automation, where the auto has no user controls. This likely will change ownership
models to MaaS. It also has the potential to shift demographics of our cities. Industry
predictions show that the will be the transition period is in the coming years, not
decades.
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Even in Denmark, which has tax rates of around 100% on the purchase of
vehicles, and no auto industry, the majority of trips are still done by private car.
The analysis of the trend of modal split of the alternative scenarios points out
that introducing effective taxation schemes, parking pricing and toll collection;
decreasing the public transit ticket price, park and ride facilities and charging
infrastructure for electric bikes; increasing the frequency and expansion of public
transit infrastructure encourage travelers to shift away from car use; but not
much. Ultimately, we need more of a pull from an alternative form.
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Finally some conclusions
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What does the energy system look like in 2050? We don’t know. There will likely not be
a “winning horse” and not only that, we are changing the game entirely. We need to.
Here are some trends that and developments we will likely see.
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Likewise, these are some of the key technologies moving forward, and these will likely
be necessary to reach a zero carbon energy system. Many of them also are potentially
double edged swords.
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And I want to re‐emphasize that this is not solely a technical problem. There are
important social factors transitions that must also be present.
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Essentially, to reach a zero carbon energy system by 2050, we are getting to the point
where we need a revolution, not an evolution. That should make us nervous, because
revolutions can be painful. On the other hand, done well, they can really benefit us all.
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