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1 Introduction
The Committee on Climate Change (CCC) published its advice on the fourth carbon budget in
December 2010. In that advice the CCC suggested that the cost-effectiveness of measures to reduce
emissions in the 2020s would be fairly robust across various states of the world (within a broader
assumption of global action to avoid the worst impacts of climate change and international trading of
emissions rights).
The CCC tested this statement in a series of scenario calculations during Spring 2012 using the
TIAM-UCL global energy system integrated assessment model. Modelling work was carried out to
analyse the global cost of carbon abatement under two different states of the world with lower and
higher gas prices in addition to three sensitivity scenarios. The results of this work were published in a
report delivered to the CCC in March 2012 (Anandarajah and McGlade, 2012).
The CCC now desires new analysis to be undertaken to examine the effect of CO2 emission
abatement scenarios on the development and costs of new low carbon technologies in the energy
system. To perform this study the CCC has submitted to UCL a series of three global CO2 emissions
pathways to be investigated again using TIAM-UCL.
1

The TIAM-UCL global energy system model is a technology rich cost optimisation model and is used
in this analysis to produce outlooks for the energy system at both global and regional levels in
scenarios with constrained CO2 emissions. The model maximises societal welfare (the sum of
consumer and producer surplus) over the model horizon (2005-2100), but the results are presented till
2050.
For this study the CCC has supplied global biomass resource availability data for solid biomass and
energy crops. These are limited globally to 10,600 TWh/year or 38,160 PJ/year: a significant
reduction from the availability assumed in TIAM-UCL base data (with 217,000 PJ) bio energy
available to be used each year). In addition the fossil fuel availability scenario chosen by CCC is the
‘high gas price scenario’ that was used and described previously in the March 2012 report. This
scenario has a strictly limited availability of unconventional gas and assumes that gas prices will
increase over the model horizon. As a consequence of these assumptions, the CO2 prices generated
by the model in this study may be higher than results from other studies carried out using TIAM-UCL
that have less stringent assumptions regarding bio energy and gas availability.
Four scenarios are modelled in this report using TIAM-UCL. The first three scenarios are based on
different mitigation pathways for the years 2005 to 2100. These were provided by CCC and are
described in Section 3. The fourth scenario is a sensitivity case in which it is assumed that Carbon
Capture and Sequestration (CCS) is not available in any sector in time period.

1

For a detailed description of TIAM-UCL, see the global model documentation (Anandarajah et al. 2011), which is available on
the UK Energy Research Centre (UKERC) website at http://www.ukerc.ac.uk/support/tiki-index.php?page=ES_TIAMUCL&structure=Energy+Systems
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This report is divided into four sections. This introduction is followed by Section 2, which briefly
presents the TIAM-UCL global energy system integrated assessment model and introduces the
assumptions and drivers sources used for the scenarios; Section 3 summarises the results for each
scenario implemented; while Section 4 provides a short discussion of these results with a particular
focus on results for the UK. Detailed results are available in excel sheets which are attached as an
annex to this report.
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2 Description of TIAM-UCL
2.1

Introduction

TIAM-UCL has been developed under the auspices of the UK Energy Research Centre and is a
modified version of the ETSAP-TIAM model (Loulou and Labriet, 2008). TIAM stands for the TIMES
Integrated Assessment Model. TIMES is an acronym for `The Integrated MARKAL-EFOM System'
with MARKAL and EFOM themselves also acronyms standing for `MARket ALlocation' and `Energy
Flow Optimization' models.
TIAM-UCL is a cost optimisation, partial equilibrium model of the global energy system: energy
consumption, energy technologies, energy trade, energy system costs and marginal costs of
environmental policies are all included within the model. Present and future demands in the energy
system are driven by exogenous forcing such as population growth and GDP evolution. The model is
multi regional and the UK’s energy system is modelled as an explicit region in TIAM-UCL. The model
incorporates all primary energy sources from resource production through to their conversion,
infrastructure requirements, and finally to sectoral end-use. Resource prices are internally generated
within TIAM-UCL.
It is a linear programming model that minimises the total discounted energy system cost in the
standard version and maximises societal welfare (the sum of consumer and producer surplus) in the
elastic demand version. The total discounted energy system cost relies upon a social discount rate of
3.5% discounted to the base-year of 2005. All runs generated in this work use the elastic demand
version of the model and are run with perfect foresight. The external climate module of TIAM-UCL is
also employed in this work. This is a simplification of the climate system but allows one to project the
effects of GHG emissions (carbon dioxide, methane and nitrous oxide) on atmospheric concentrations
of these gases, radiative forcing, and average global temperature rises. This module can also be used
to constrain the model to certain bounds on these variables (Anandarajah et al., 2011).
2

A simplified representation of the TIAM-UCL model structure is presented in Figure 2-1 . Each region
in the TIAM-UCL has its own energy system and can trade fossil fuel or biomass resources with other
regions. As mentioned above, the energy-service demands in each region are exogenous
assumptions, derived on the basis of projections GDP, population, household, sectoral output, etc,
with the choice of driver depending on the sector in question. In the elastic version of the model (the
version used here) these demands can respond to any changes in (the endogenously calculated)
commodity prices. This is explained in more detail in Section 2.2.2 below.

2

The model structure is discussed in detail in Chapter 2 of the TIAM-UCL global model documentation (Anandarajah et al.
2011).
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Figure 2-1: The TIAM-UCL global model structure
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The world regions are linked through trade in crude oil, hard coal, pipeline gas, LNG (liquefied natural
gas), petroleum products (diesel, gasoline, naphtha, heavy fuel oil), biomass, and emissions permits.
3

These regions and the countries within each are listed in Table 2.1-1. Costs and constraints on
regional fossil fuel trade and emissions trading are defined in the trade module.
Finally, in addition to the global social discount rate of 3.5%, various hurdle rates, which represent
market failures, barriers, consumer preference, etc., are used for sector specific technologies. These
hurdle rates also vary across regions.

3

Constraints on traded commodities can arise for a number of reasons. While the model can construct new pipelines for
example, trade of pipeline gas will not possible between certain regions because of the distances involved. In addition, growth
constraints on the construction of new pipelines, LNG terminals etc. are imposed to prevent major and unrealistic switches or
increases in these
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Table 2.1-1: List of regions and countries in the 16 region TIAM-UCL model
Region
Africa (AFR)

Australia (AUS)
Canada (CAN)
Central and South
America (CSA)

China (CHI)
Eastern Europe (EEU)
Former Soviet Union
(FSU)
India (IND)
Japan (JAP)
Mexico (MEX)
Middle-east (MEA)
Other Developing Asia
(ODA)
South Korea (SKO)
United Kingdom (UK)
USA (USA)
Western Europe (WEU)

2.2

Countries
Algeria, Angola, Benin, Cameroon, Congo, Congo Republic, Egypt,
Ethiopia, Gabon, Ghana, Ivory Coast, Kenya, Libya, Morocco,
Mozambique, Nigeria, Other Africa, Senegal, South Africa, Sudan,
Tanzania, Tunisia, Zambia, Zimbabwe
Australia and New Zealand
Canada
Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba,
Dominican Republic, Ecuador, El Salvador, Guatemala, Haiti,
Honduras, Jamaica, Netherlands Antilles, Nicaragua, Other Latin
America, Panama, Paraguay, Peru, Trinidad-Tobago, Uruguay,
Venezuela
China
Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Czech Republic,
Hungary, Macedonia, Poland, Romania, Slovakia, Slovenia,
Yugoslavia
Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan,
Kyrgyzstan, Latvia, Lithuania, Moldova, Russia, Tajikistan,
Turkmenistan, Ukraine, Uzbekistan
India
Japan
Mexico
Bahrain, Cyprus, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Oman,
Qatar, Saudi Arabia, Syria, Turkey, United Arab Emirates, Yemen
Bangladesh, Brunei, Chinese Taipei, Indonesia, North Korea,
Malaysia, Myanmar, Nepal, Other Asia, Pakistan, Philippines,
Singapore, Sri Lanka, Thailand, Vietnam
South Korea
United Kingdom
United States of America
Austria, Belgium, Denmark, Finland, France, Germany, Gibraltar,
Greece, Greenland, Iceland, Ireland, Italy, Luxembourg, Malta,
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland

Data and general drivers

2.2.1 Base Year calibration
The base year of TIAM-UCL is 2005. The underlying model data for this base year is calibrated to the
IEA Extended Energy Balances of OECD and non-OECD countries. Various base year templates are
created using this IEA dataset which aggregate commodities into modelled energy carriers. All costs
and prices reported in this report are in US$2005 prices.
The model is run in 5 year increments up to 2050 and in 10 year increments thereafter up to 2100.

2.2.2 Drivers
As mentioned in Section 2.1, energy-service demands for various energy services are projected using
drivers (such as GDP/ capita, GDP/ house hold, sectoral GDP etc.). Core drivers used to project
energy service demands from the base year include: population (based on UN projections UN, 2009),
GDP, and assumptions on household stock, and industry sector growth.
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Each of these energy services have corresponding elasticities. These elasticities, which vary between
different energy service demands, between different regions, and over time, represent the response
of demands to changes in commodity ‘base prices’.
These base prices are the marginal costs of commodities that are calculated when meeting the fixed
energy services demands in the standard version of the model (the version of the model that
minimises discounted energy services). Only once these base prices are calculated can then model
be run allowing elastic demand.
Using the elastic version of the model therefore requires two steps. Base prices are first calculated by
running the standard version of the model. Then constraints, such as limits on CO2 emissions, are
introduced or removed and these base prices fed into the input data. The model is then re-run but
demand is allowed to react to changes in these base prices that may occur because of the
introduction or removal of the constraints.
All of these drivers and elasticises have been presented in previous reports and more information is
available online on: http://www.ukerc.ac.uk/support/ES_TIAM-UCL_Documentation_2010.

2.3

Specific assumptions

This section describes some of the main assumptions and constraints that are contained within the
model for this specific work.

2.3.1 Fossil fuel modelling
Coal, conventional and unconventional oil, and conventional and unconventional gas are represented
in the model as a number of separate categories of each. There are eight categories of oil for
example representing reserves, reserve growth, undiscovered (as of 2005) resources, arctic oil,
bitumen (oil sands), extra-heavy oil, kerosene oil, and Natural Gas Liquids (NGL). Each resource
category within each region has a supply cost function that represents the volume of resource
available at specific costs. Regional resource prices are generated endogenously within the model,
which incorporate the marginal cost of production, shadow prices from the constraints placed upon
production (including the scarcity rent), and transport costs. The resource can be consumed in end
sectors in which fuel switching with any other energy source is possible.
As mentioned in the introduction, gas prices in the simulations developed in this study target prices
similar to the latest ‘high’ long term figures produced by the Department of Energy and Climate
Change (DECC). These correspond to the ’high gas price scenario’ developed in the March 2012
report by Anandarajah and McGlade. Briefly, this assumes that there is no unconventional gas
development during the simulation period outside of the United States, and that costs of conventional
gas production rise steadily over the model horizon.
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2.3.2 Transport sector
There is a minimum share (5%) of alternative fuels for transport from 2020 for selected regions.
General mitigation technologies included in the model for land transport modes are the use of biofuels
(alcohol or bio-diesel), natural gas, liquefied petroleum gas, hydrogen or electricity (plug-in hybrid or
all-electric). Aviation and shipping (international and domestic) are modelled with generic technologies
to meet the respective energy services demands but the only mitigation technology available for these
modes in TIAM-UCL is the use of biofuels. Nevertheless, as the model is run in elastic demand
version, one way to mitigate GHG emissions from all transport modes is simply to reduce energy
services demand for the different transportation modes – there is some limit introduced on the
reductions that are possible in each region for each transport mode (see Kesicki and Anandarajah
(2011) for details)

2.3.3 Industry
The industry sector in TIAM-UCL is represented with six different energy-services: iron and steel, nonferrous metals, paper and pulp, chemicals, services, and ‘other industries’. Energy service demand in
each of these sectors is split into the energy requirements for the following processes: steam, process
heat, machine drive, electro-chemical, , and ‘other’. Chemical industry has an additional energy
requirement ‘energy commodity for feed stocks’.
As for the transport sector, demands in the industry sector have specific elasticities used during the
simulations presented in this study that can act to reduce or increase total industrial demand in each
sector up to a maximum level.
Industry sector energy and non-energy related emissions are accounted for in the model. CO2
emissions from energy use are calculated endogenously however non-energy CO2 emissions (such
as emissions from chemical processes involved in the manufacture of cement for example) are
included as exogenous assumptions. The data for the non-CO2 emissions are based on WEO-2008.
A new feature in TIAM-UCL is the ability to have both energy and non-energy CO2 emissions from the
industry sectors captured and sequestered. New CCS technologies (available from 2020) on industry
emissions have been added to the model, which can capture up to a maximum of 40 to 60% of total
emissions. Build rate constraints are modelled to CCS technology.

2.3.4 Residential and commercial
A more appropriate representation of heat pumps has been recently added to TIAM-UCL; this includes
build rate constraints and a maximum constraint on the roll out of heat pumps. The model can initially
invest in heat pumps to meet up to 5% of the heating demands in both the residential and commercial
sectors in each region without any constraint. Thereafter, a specific growth constraint (10% per year) is
applied.
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2.3.5 Electricity
Electricity can be produced from different sources: nuclear, fossil fuel firing plants (oil, coal or gas with
or without CCS), biomass plants (also with or without CCS), and other various renewable sources
(wind, solar and hydro for the ones representing a certain contribution to the total electricity mix). In
this work build rate constraints have been imposed for various selected technologies including CCS
technologies, wind, solar PV and solar thermal. The ‘seed values’ – up to which the model can invest
in new capacities without hitting the build rate constraint for each technology are assumed to be a
fixed percentage of total installed capacity in 2010 of all electricity generation as discussed below.
For new nuclear capacity addition:
•

a maximum installed capacity per region is imposed such that Investment in new nuclear
capacity per five year period does not exceed 150 GW in 2030 and 300 GW in 2050.

For electricity generated from coal it is assumed that:
•

production can achieve a maximum level of 70 - 90% (depending on the region) of total
electricity generation in the longer term to prevent any domination by coal of the whole energy
system.

For electricity generation with CCS it is assumed that:
•

CCS first becomes available to be deployed in 2020;

•

CCS can be applied either as retrofit on existing plants or new-built at comparable costs;

•

for each of coal, gas and biomass electricity generation with CCS, the seed value for the
maximum initial level of penetration in each region is 1% of total installed capacity in that
region in 2010.

•

after the initial investment, the capacity of each CCS technology can grow at a maximum of
15% per year within each region.

For electricity generation from renewable sources:
•

solar technologies have seed values of 10% and 3% for PV and thermal respectively; an
annual growth limit of 15% is also applied to both technologies;

•

wind power has a seed value of 10% of and a maximum annual growth limit of 10% per year

•

as mentioned in the introduction, biomass potential for solid biomass and energy crops is
provided by the CCC and is limited to 10,600 TWh/year globally, consistent with the CCC Bioenergy Review ‘Extended Land Use’ scenario. This figure is disaggregated on a regional
basis according to the split of biomass within TIAM-WORLD.

2.4

Green House Gas (GHG) Accounting and Climate module

TIAM-UCL includes energy related CO2, net CO2 emissions from land use, land use change and
forestry (LULUCF), industry process CO2 emissions and the non-CO2 gases: CH4 and N2O. The
9

LULUCF and industry process emissions are based on exogenous assumptions and are not linked to
any activities within the model. CH4 from landfills, manure, rice paddies, enteric fermentation and
waste water is based on the projections calculated for the Representative Concentration Pathway low
emissions of GHGs scenarios (RCP 2.6) being used for the Intergovernmental Panel on Climate
Change AR5 (Van Vuuren, et al., 2011). Data are available from the IIASA RCPs database
(https://tntcat.iiasa.ac.at:8743/RcpDb/dsd?Action=htmlpage&page=welcome). N2O from industry and
agriculture is also based on the same projections. CO2 from land-use is based on the reference
scenario of the United States Climate Change Science Program (MIT) presented in Prinn et al.
(2008). UK data for non-CO2 gases are taken from UK greenhouse gas inventory national system
(www.ghgi.org.uk).
When aggregating non-CO2 emissions (CH4 and N2O) to CO2 equivalent, the model uses the global
warming potential over 100 years horizon presented in IPCC publication AR4 (Table 2.14, page 212)
i.e. the classic factor of 25 for CH4 and 298 for N2O. Some other greenhouse gases (CFC’s, HFC’s,
SF6, etc.) and chemically active gases such as NOx, CO, volatile organic compound (VOC) are not
explicitly modelled within TIAM-UCL. The values for the extra forcing from these gases is extracted
from the RCP and added to the climate module.
The climate model in TIAM-UCL contains equations that model the concentrations of three different
greenhouse gases (GHGs) with strong global warming potential: CO2, CH4 and N2O. The model then
tracks the accumulation of anthropogenic emissions in the atmosphere and calculates the change in
radiative forcing resulting from the modification of atmospheric concentrations of GHGs. Finally, on a
global scale, equations calculate the realised temperature change consequential to the change in
radiative forcing. The temperature calculation involves the slow transfer of heat from the atmosphere
to the ocean. The equations needed to represent and capture this process in a system as complex as
the earth’s climate are obviously themselves extremely complex and require huge computing power.
Since TIAM-UCL is an energy systems model and not a climate model, these complex equations are
simplified significantly. To justify the approximations necessary, the results of these simplified
equations are calibrated to match as closely as possible the results obtained by more complex climate
models. In order to calibrate the climate module the choice has been to use the latest version of the
well-known climate model MAGICC (Meinshausen et al., 2011).
The calibration of the TIAM-UCL climate module has been completed in three stages corresponding
to the different variable calculations needed to obtain the temperature change from GHG emissions.
These stages are as follows:
1) from GHG emissions to atmospheric concentrations;
2) from concentrations to radiative forcing; and
3) from radiative forcing to realised temperature
At each stage of the calibration identical inputs are prescribed for the TIAM-UCL and the MAGICC
equations representing the phenomenon in each stage, so stage 1 consists of the identical emissions
as inputs, stage 2 has identical concentrations as inputs, and finally stage 3 has identical radiative
10

forcing as an input. This allows any difference introduced at each given stage (due to the
approximations in the structure of the equations used in TIAM-UCL) to be eliminated in the
proceeding step. Each of the three TIAM-UCL greenhouse gases is taken individually in the first and
second stages. The MAGICC model reports the 60% probability of limiting temperature change to a
certain level. As consequence of using the MAGICC model for the calibration, the results reported by
the TIAM-UCL climate module also correspond to a 60% probability as well. The results of the climate
module calculations are reported in the summary at the end of this report (at the start of section 4
Summary)
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3 Summary Results
3.1

Introduction

The overarching aim of this study is to use TIAM-UCL to model different low carbon scenarios to
understand the effect of CO2 emission abatement pathways on the developments and costs of new
low carbon technologies in the global energy framework. To perform this study the CCC has
submitted to UCL a series of three global CO2 emissions pathways to be investigated with the model.
One sensitivity case has also been developed: this scenario is run with an emissions pathway similar
to the third scenario provided by the CCC but no CCS options are allowed to mitigate CO2 emissions.
Annual CO2 emissions are constrained from 2020 to 2100. The specific scenarios developed are:
1. Low Carbon Scenario 1 (LC1) – Core scenario. A 2°C core case based on a peak in CO2
emissions in 2016 and subsequent reduction in global emissions of 4% per year reaching 1.5
tCO2/capita in 2050. Each region in the model is constrained to 1.5 tCO2/capita in 2050. This
is based upon the ‘2016:4%low’ scenario contained within CCC’s 2008 report. Regional CO2
emissions constraints are specified starting first with the emissions reductions in 2020
pledged as part of the Copenhagen Accord. A number of the commitments made as part of
the Accord were conditional on various factors and it is assumed that not all of these
conditions are fulfilled and/or that some regions do not succeed in reaching their pledged
targets. The EU for example is assumed to reduce its emissions by 20% from 1990 levels
(rather than the 30% conditional pledge) while the United States and Canada achieve only a
5% reduction on 2005 levels (rather than their 17% conditional pledges). The Copenhagen
2020 GHG emissions constraints were converted to CO2 constraints at a regional level by
removing business as usual (no emissions constraint) non-CO2 gases in 2020, the data for
which comes from TIAM-UCL. This results in a global 2020 CO2 emissions constraint of
36.2 GtCO2, correlating to GHG emissions constraint of 48.2 GtCO2e. From 2020 to 2025,
the EU regions (modelled here as the TIAM-UCL Eastern Europe, UK and Western Europe
regions) are allowed to purchase (via CO2 credits) up to a maximum of 12.5% of their
domestic reductions of CO2; these CO2 credits can be bought from all other regions but none
of the other regions are permitted to purchase credits between these years. Unrestricted
global trading of CO2 is allowed from 2025.
2. Low Carbon Scenario 2 (LC2) – Sensitivity scenario 1. A ’later action’ case in which the world
reduces emissions more slowly. Emissions peak in 2025 but still reach the same level of
2050 emissions as the core scenario (around 2 tCO2e/capita). Cumulative emissions over
the model time-frame will be slightly higher in this scenario than in LC1.
3. Low Carbon Scenario 3 (LC3) – Sensitivity scenario 2. A ‘reduced action’ case in which
emissions up to 2030 are similar to those in LC2 but reduce more slowly thereafter, failing to
reach 2 tCO2e/capita by 2050.
12

4. Low Carbon Scenario 4 (LC4) – Sensitivity scenario 3. An identical emission pathway to the
‘Reduced Action’ case (LC3) but with no CCS technologies available.
The emissions pathways in each of these scenarios are presented in Figure 3-1.
As mentioned in Section 2.2.2, the elastic demand of TIAM-UCL is used in this work. To do this we
first run a reference case with no climate policies using the standard version of the model that
minimises total discounted costs; this is required to generate base prices. Carbon constraints are then
imposed and the model run with elastic demand that allows the energy service demands to respond
to changes in these base prices. A total of five scenarios have been created: the ‘reference case’ with
no CO2 emissions reduction constraints and four different carbon constrained runs from above.
Finally, in each of the four low carbon scenarios the reference case solution is first fixed until 2010.
This means the model will runs only from 2010 to 2100 under the low carbon scenarios.
Figure 3-1: CO2 trajectories under the three different scenarios developed (LC1, LC2 and LC 3). The
fourth scenario (LC4) with relies upon the pathway in LC3

3.2

Low Carbon Scenario 1 (LC1)

Between 2005 and 2010 there is no need to mitigate CO2 emissions, and since these years are fixed
from the reference case, there is also no prospect of any CO2 mitigation policies being implemented.
This means that countries are locked into the high carbon investment decisions made between 2005
and 2010. Many of these, in particular China, rapidly expand their reliance upon coal, as indeed was
witnessed between these years. As a result it is harder for these countries and regions to achieve the
required emissions reductions in the near term and they consequently purchase large volumes of CO2
credits in early years.
Since nuclear investment is constrained and with growth constraints imposed on both CCS and other
low carbon technologies in the power sector, CO2 prices rises rapidly and to a very high level: from
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US$ 219/tCO2 in 2030 to about US$ 900/tCO2 in 2050 (all in 2005 prices). The growth of CO2 in the
United Kingdom is presented in Table 3.2-1.
Table 3.2-1: CO2 price for the United Kingdom (2005US$/CO2) in LC1
2015 2020 2025 2030 2035 2040 2045
United Kingdom

0

0

96

219

375

765

906

2050
889

Decarbonisation occurs foremost in the power sector and, with the CO2 intensity decreasing from over
500 g/kWh in 2010 to 54 g/kWh in 2030 and to 1.5 g/kWh in 2050, is nearly carbon neutral by 2050.
The CCS technologies (biomass, coal and gas) are the first choice, in early period, in the power
sector but their roles are somewhat limited in early periods because of the growth constraint
assumptions described above in Section 2.3.5. In 2025, about 4% of the installed capacity is based
on CCS technology: 53GW of bio-CCS, 93 GW of coal-CCS and 95 GW of gas-CCS (Figure 3-2).
Wind also plays an important role in early decarbonisation by generating 18
% of the global electricity supply in 2025.
Since the build rates constraints on CCS technologies (and solar and wind) prevent further investment
on these technologies in early years they become binding constraints, the model needs to invest
almost entirely in all low/zero carbon technologies in the power sector in early periods in order to meet
the mitigation target.
In the longer term CCS plays a limited role, especially coal-CCS. CCS is assumed only to have a 90%
capture and so the residual emissions from coal fired generation become too expensive in later
periods when the CO2 reduction target is high. Coal-CCS generation actually reduces slightly in 2050
compared with 2045, while gas-CCS generation, which has lower residual emissions, slightly
increases. Despite the stringent constraints placed on gas availability and production costs (a ‘high
gas price scenario’ is assumed in all runs in this work as discussed previously), gas-CCS still plays a
greater role than coal-CCS in electricity generation to meet the long-term target.
Wind and solar PV generation are critical to meet the long-term CO2 emissions reductions as well as
meeting long-term electricity demand. Nuclear would likely also have played a crucial role were it not
for the constraint imposed on new nuclear investment. In the long-term, solar technologies play a
particularly important role in meeting the Chinese decarbonisation target, while wind and gas-CCS are
the central technologies relied upon in the United States.
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Figure 3-2: Electricity generation by production source in LC1

CCS also plays an important role in decarbonising the industry sector, mainly by reducing CO2
process emissions industries (from the cement and steel industries), in addition to shifting to low
carbon electricity and heat.
The transport sector is decarbonised by shifting to hybrid vehicles in the medium term (from 2030)
and by shifting to biofuel (bio-diesel and bio-kerosene) plug-in hybrid vehicles, full electric vehicles,
and in the long-term hydrogen fuel-cell vehicles. Hydrogen fuel cell vehicles are cost effective from
2040 in HGV, from 2045 in buses and from 2050 in cars. Electricity in the transport sector is mainly
consumed by cars and LGVs. The aviation sector is decarbonised slightly through the use of biokerosene from 2020 onwards, so that by 2050 about 15% of the aviation fuel consumption is biokerosene.
Heat pumps are crucial in meeting residential and commercial heating demand and are rolled out
widely and rapidly: they account for 43% of residential heating and 50% of commercial heating in
2050.
As mentioned previously, TIAM-UCL endogenously calculates shadow prices for the fossil fuels. Care
is required in interpreting these prices however as they represents only the costs of extraction and
transportation, the costs of any CO2 emissions released during their production in the upstream
sector, and rents associated with scarcity and production rate constraints. They do not take into
account specific national fiscal policies or the any geopolitical situations. Given that taxation for
example significantly increases the minimum necessary price for new field developments above the
marginal costs of production, the endogenously calculated prices can lie below, and often
substantially below, current real world fossil fuel prices.
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Figure 3-3 presents the shadow price for natural gas within the 16 TIAM-UCL regions in the LC1
scenario. Despite the above warning, with the long term constraints placed on unconventional gas
production and the assumed increases in gas production costs in this scenario, prices compare
reasonably well with the DECC 2012 fossil fuel price projections calculated up to the year 2030. The
price variation between the different regions represents the different production costs of the gas and
the specific demand within each region. Prices vary range from 1.2 to 2.7$/therm in 2035. The United
States and its North American neighbours (Canada and Mexico) exhibit the lowest price due to their
unconventional gas production and adjacent transport connection. In contrast China and other
developing countries have higher prices in the long-term driven in part by their industrial demand. A
large portion of this demand also stems from the investment by these regions in new gas fired
generation capacity between 2005 and 2010 when there were no prospects of required CO2
emissions reductions. Since coal to gas switching forms a useful mechanism to mitigate emissions in
the short term when emissions constraints are introduced gas becomes increasingly scarce this
investment drives up demand and hence prices in these regions out to 2035. The UK shadow price
for natural gas during this period increases from 0.7 to 1.8 $/therm demonstrating the ability of the
industry to adapt to the emissions constraint and electrify.
Figure 3-3: Shadow price for natural gas in LC1 separated by region
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3.3

Low Carbon Scenario 2 (LC2)

In this scenario, CO2 emissions peak at 41 GtCO2 in 2025 and reduce subsequently at a more rapid
rate than in LC1 between 2025-2050 to meet the same final level of emissions in 2050 (13.9 GtCO2);
this implies an average 4.8% annual reduction in CO2 emissions.
CO2 prices increase rapidly from 10 $/tCO2 in 2025 to $1028/tCO2 in 2050: prices are lower than that
in LC1 up to 2045 but it is significantly higher in 2050 due to the additional CO2 reduction requirement
between 2045 and 2050 (Table 3.3-1).
Table 3.3-1: CO2 price for the United Kingdom (2005US$/tCO2) in LC2
United Kingdom

2015

2020

2025

2030

2035

2040

2045

2050

0

0

10

35

151

329

705

1028

Since the mitigation target in 2030 is slightly lower in this scenario than in LC1, the power sector emits
considerably more in the 2030s, its CO2 intensity in 2030 is 272g/kWh, much higher than that in LC1
(61 g/kWh). About a third of the generation in 2030 is from unabated coal plants. However, to meet
the final period mitigation target, the power sector is decarbonised to a greater extent in 2050 than in
LC1: the CO2 intensity decreases to 1.5 g/kWh in 2050 in LC2 that is same as in LC1.
Although the global energy system is permitted to peak emissions in 2025 the power sector invests in
CCS technologies from 2020 (gas-CCS, coal-CCS and biomass-CCS). This occurs for two reasons.
Firstly because some early action is preferred in anticipation of the long term emissions reduction
requirements, and secondly, because of the growth constraints placed on CCS technologies, to make
sure that it can invest in enough CCS capacity to meet the long-term target in a cost-effective manner.
As expected, due to the 90% capture rate, residual emissions from CCS become expensive in the
later period when the target is very stringent and so coal-CCS generation decreases between 2045
and 2050 while that of gas-CCS increases.
In power sector decarbonisation, wind technology plays an important role from 2035 while that of
solar plays an important role from 2045. Solar PV is the biggest contributor to electricity production in
2050, accounting 22% of the total generation followed by wind (21%) (Figure 3-4).
Investments in new nuclear capacity are more or less identical to those in LC1, which hit the
investment bounds on new nuclear capacity suggesting that the model would invest in additional
nuclear capacity if these constraints were to be relaxed.
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Figure 3-4: Electricity generation by production source in LC2

Coal-CCS is not cost-effective in USA as the USA is the only region that has some access to shale
gas under the gas availability assumption in this scenario. In the case of the UK, gas-CCS and
nuclear play almost equal role, together generating at least two third of the generation in 2050. Wind
generates about 11% of total generation in 2050.
Industry sector decarbonisation is achieved by investing in CCS technologies in addition to shifting to
biomass and electricity. In this scenario, CCS (industry) technologies become cost-effective from
2025. They became cost-effective from 2020 in LC1.
Similar to LC1, transport sector decarbonisation is achieved by a mix of activities such as shifting to
hybrid vehicles, plug-in hybrid vehicles, biofuels, electric vehicles and hydrogen fuel-cells. But the
decarbonisation starts at a slightly later stage in LC2 compared to LC1. For example, the penetration
of hybrid vehicles in cars starts slightly later (from 2035) in LC2 than that in LC2 (from 2030). Some
hybrid vehicles are replaced by plug-in hybrid vehicles in 2045 and by electric vehicles in 2050. In
LC1, plug-in hybrid vehicles become cost effective from 2040. A small amount of hydrogen fuel-cell
cars are also selected in 2050. Hydrogen is cost-effective from 2045 for HGVs and buses.
The aviation industry consumes bio-kerosene from 2030 while shipping industry consumes bio-diesel
from 2050. Bio kerosene is cost-effective in LC1 from 2020. In 2050, 16% of total fuel consumption by
the aviation sector is bio-kerosene, a similar level to that seen in LC1.
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Heat pumps again play a key role to meet the building sector heat demand meeting 40% (slightly
lower than that in LC1, 43%) residential heating demand and a half of the commercial sector heating
demand.

3.4

Low Carbon Scenario 3 (LC3)

In this scenario CO2 emissions peak in 2025 and subsequently decline at around 3% per year. Global
CO2 emissions in 2050 are therefore higher than in the two earlier runs at 20.07 GtCO2.
Due to the later peak and looser reduction rates in the emission pathway, CO2 prices are very low in
2020, at a maximum US$ 0.2 tCO2 in most regions (Australia, China, Central and South America,
Eastern and Western Europe, India, Japan, Middle East, South Korea). Prices then rise to
US$ 44/tCO2 in 2030 and US$ 645/tCO2 in 2050.
Table 3.4-1: CO2 price for the United Kingdom (2005US$/tCO2) in LC3
2015 2020 2025 2030 2035 2040 2045
United Kingdom

0

0

10

44

114

193

330

2050
645

Coal (with no CCS) and natural gas (with no CCS) still generate a large portion of electricity (a third of
the generation) in 2030 with a power sector CO2 intensity at 265 g/kwh (about a 5 times the level
calculated in LC1), although this then decreases very rapidly to 19 g/kwh

in 2050. The CCS

technologies (biomass, coal and gas) are still the first choice to decarbonise the power sector starting
in 2020 with a global installed capacity of 30 GW of bio-CCS, 152 GW of coal-CCS and 156 GW of
gas-CCS in 2030 (Figure 3-5).
Wind plays an important role in early decarbonisation by generating 12% of the total electricity supply
in 2025, peaking at 27% in 2030 but reducing to 21% in 2050. Solar PV has a strong contribution in
the later period reaching 22% of the global electricity generation in 2050.
With higher emissions available in this scenario, coal plays a greater role than gas in satisfying longterm energy service demand. Only from 2040 does gas outperform coal in electricity generation. In
the long-term (2050) CCS plays a relatively limited role, the development of CCS in electricity
generation starts in 2020 and the quantities produced by coal-CCS and gas-CCS are almost identical
in the 2040s, despite coal-CCS having higher residual emissions. In contrast to LC1 and LC2, the
model continuously invests in coal-CCS even after 2045. CCS plays still an important role to
decarbonise the industry sector as in LC1 and LC2.
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Figure 3-5: Electricity generation by production source in LC3

Transport sector CO2 emissions in 2050 are 60% higher in this scenario than that in LC1. The
transport sector remains reliant on fossil fuels (mainly gasoline and diesel, with some contribution
from LPG) for the 45 year time horizon of the model . A small contribution from biodiesel in road
transport can be seen from 2035. Bio-kerosene is introduced into aviation after 2035, and by 2050
accounts around 14% of total aviation sector fuel consumption, slightly lower than that in LC1 (15%).
Finally, heat pumps are still widely employed for commercial sector meeting up to 50% of the
commercial heating. But, it plays less role in residential section heating (only 23%) compared to that
in LC1 (43%) and LC2 (40%). The use of gas in the commercial heating sector extends for longer
than in the other scenarios, still representing around 10% of the energy consumption in commercial
heating in 2050.

3.5

Low Carbon Scenario 4 (LC4)

This scenario represents a situation where CCS is not available to mitigate CO2 emissions throughout
the modelling period; it has been run using identical assumptions to those used in LC3: CO2
emissions peak emissions in 2025, with a subsequent rate of emissions reduction limited to around
3% per year.
This is an extreme case and the first set of results generated, with assumptions of low gas availability
(i.e. the high gas price scenario discussed in the introduction), with low biomass availability (less than
20% of the quantity used in other TIAM-UCL studies), and with many constraints on the growth of
other low carbon technologies (renewable and nuclear), were somewhat anomalous. Despite the
need to mitigate emissions in this scenario and without being able to rely on CCS, the model chose to
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invest heavily in oil production from unconventional sources. The high production costs of these
processes lead to a very high initial shadow price for crude oil.
This behaviour is explained by the fact that conventional oil production needs natural gas input while
4

unconventional oil production produces a small amount of gas as a by-product. In later periods when
the CO2 price is very high as shown below (Table 3.5-1) the model requires large quantities of gas to
decarbonise process heat production in the industrial sector. Therefore in order to satisfy the high
level of gas demand over the model horizon, technologies that can produce gas rather than consume
it will be preferred. The model therefore relied upon the unconventional sources to produce some gas
in early periods when the CO2 price was low (and so there was less CO2 penalty from relying upon
these more energy intensive sources) so that there was sufficient gas available to satisfy demand in
later periods.
5

To avoid these anomalous results in this scenario the model horizon is reduced to 2070. Some
unconventional oil is still extracted in early periods following the mechanism presented above but not
to nearly the same degree.
Similar to LC3, CO2 prices are effectively zero in 2020, however the price rises very rapidly to
US$ 300 tCO2 in 2040 and almost US$ 1500 tCO2 in 2050. In LC2, the CO2 price in 2025 is positive
(US$ 10/tCO2) as the model invested in CCS technologies. The failure of CCS evidently has a major
impact on carbon prices, which are the highest of any seen in the four scenarios calculated in this
work.
Since CCS is unavailable to be deployed in the industrial sector, industry sector emissions are around
3 GtCO2 higher in this scenario than in LC3. This increase is offset by further mitigation in transport
sector however by means of further electrification of transport sector compared to LC3. Electricity
consumption in the transport sector is almost doubled in this scenario compared to LC3 in 2050.
Table 3.5-1: CO2 price for the United Kingdom (2005US$/tCO2) in LC4
2015 2020 2025 2030 2035 2040 2045
United Kingdom

0

0

0

46

150

289

801

2050
1452

Total electricity generation (Figure 3-6) reaches 315 EJ in 2050, the highest in the four scenarios and
10% more than that in LC3. In 2050, solar contributes 35% of total electricity generation followed by
wind (22%), nuclear (20%) and hydro (11%). In 2050, natural gas (without CCS) provides around 5%
of the total electricity generation and biomass only 1%. As a consequence the electricity sector is less
decarbonised in this scenario than the previous three, dropping to a carbon intensity of 14 gCO2/kWh.
Geothermal and hydroelectricity reach their maximum potential in this scenario, respectively
generating 5% and 10% of the total electricity generation in 2050.

4 The unconventional oil technologies require much larger energy inputs than conventional oil. However these are specified in
terms of electricity and steam in contrast to conventional oil which is assumed to require natural gas as an input. Steam and
electricity can be produced from any energy source including zero carbon sources if required , not just natural gas even though
this is used almost exclusively at present.
5 With a shorter time horizon in this amended case the availability of conventional natural gas is sufficient to be able to have
sufficient reserved for later periods and so the model does not need to force unconventional oil production.

21

Coal continuously plays a greater role in electricity generation till 2030 (up to 30% in 2030) but
thereafter, with the rapid ramp up in CO2 prices, rapidly decreases to less than 1% by 2040.
In 2050 more than 38% of the biomass is used in the industrial sectors and 25% in residential sector.
The model uses most of the biomass to produce heat (for steam input to unconventional oil
production) rather than using it to produce liquid fuels as heat production is a more efficient process
than biomass to liquids (bio-diesel).
As a consequence, biofuels do not penetrate the transport sectors in this scenario. The bulk of land
transport relies on fossil fuels (gasoline, diesel or gas) up to late as 2040. After this date some low
carbon technologies such as hydrogen and electric vehicle being to appear. Shipping and aviation fail
to decarbonise to any significant degree only using a small amount of bio fuels used in the aviation
sector and none in shipping.
Figure 3-6: Electricity generation by production source in LC4
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4 Summary
Within this project three main carbon pathways, specified by the CCC, have been analysed using the
global bottom up integrated assessment energy system model TIAM-UCL. The model has a
technology rich description of the energy system, and a calibrated climate module that takes into
account emissions of the major greenhouse gases to calculate the temperature change resulting from
each pathway.
Table 3.5-1: List of the four scenarios modelled in this project
Scenario Name
LC1

Description
A 2°C core case based on a peak of global CO2 emissions in 2016 and a
subsequent annual 4% decline

LC2

A ’Later Action’ case, in which the world reduces emissions more slowly at
first, peaking in 2025, but still reaches the same level of 2050 emissions
as the core LC1 scenario.

LC3

A ‘Reduced Action’ case, in which emissions to 2030 are similar to those
in the Later Action case, but reduce more slowly thereafter to 20 GtCO2
(2.2 tCO2/capita in 2050) a level 50% higher than 2050 emissions in LC1
and LC2.

LC4

The ‘Reduced Action’ case with no CCS technologies available.

Figure 4-1 presents the average global temperatures rises realised in each of these emissions
pathways. As indicated in Section 2.4, there is a 60% probability of limiting temperature change to a
the levels indicated. In LC1, the temperature change achieved in 2050 is below 2°C and stabilises
after 2060 to just above the 2°C. In LC2, the temperature crosses over the 2°C line in 2040 and later
stabilises at 2.2°C. Finally in LC3 the temperature rise reaches 2.3°C in 2100.
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Figure 4-1: temperature realised by the three emission pathways

4.1

UK CO2 price and permit trading position

CO2 prices start rising from 2020 as seen in Figure 4-2. In 2020 CO2 prices vary between the regions
and among the scenarios as emissions are constrained only for selected regions in 2020, in line with
Copenhagen Accord, and CO2 permit trading is limited. CO2 prices start higher in LC1, the scenarios
that has an earlier peak in global emissions, and reach about $1000/tCO2 in 2045, stabilising
thereafter. In LC2 the energy system needs a slightly higher shadow price ($1150) in 2050 than that
in LC1 to achieve the reduction rate needed. The ’reduced action‘ scenario (LC3), that has less
stringent emission reductions in all periods, exhibits the lowest CO2 prices over the entire period but
still reach $700/tCO2 in 2050. In the case of the CCS failure (LC4) the CO2 price is significantly higher
than LC3 from 2035 onwards, increasing to a much higher level of $1500 in 2050.
An additional scenario has been developed for this section to investigate whether the ‘assumption of
limited biomass resource availability’ drives the high CO2 prices. As noted in the introduction, beside
the CO2 emission abatement pathways, the CCC has supplied to UCL global biomass resource
availability data. In the CCC scenarios solid biomass and energy crops are limited globally to 10,600
TWh/year or 38,160 PJ/year representing only 1/8

th

of the availability assumed in TIAM-UCL base

data (in TIAM-UCL usual scenario bio energy is capped at 217,000 PJ each year). The additional
scenario has been created following the LC1 emission pathway but allowing the use of the higher
amount of bio energy to investigate the impact of biomass availability on CO2 prices. This scenario
(named LC1-highBio) is presented in figure 4-3 alongside the four CCC scenarios (LC1 to LC4). In the
instance of higher availability of biomass under the specific LC1 emissions pathway the CO2 price in
2050 reaches only $250/tCO2 for LC1-highBio compared to $1000/tCO2 for LC1. In this scenario large
availability of biomass associated with CCS (available after 2025 and resulting negative net emission)
strongly reduces the carbon price.
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Figure 4-2: CO2 prices under different scenarios

In LC1, with stringent emissions constraints, the UK net trading position is positive in nearly all time
periods indicating that it is buying credits from the global market. The only exception is 2020 when the
limits on global CO2 permits trading means that the UK sells permits to other European countries
(Figure 4-3). In the other three low carbon scenarios, in early periods, the UK is in a net selling
position, trading up to a maximum of 100 MtCO2 in LC2 in 2030. Developing countries need to buy
credits to counterbalance their carbon intensive technologies inherited from investments made prior to
2010. After 2030 when carbon emission becomes harsher, the situation changes and the UK
becomes a net importer of carbon credits. Under the no CCS scenario the amount of credit bought by
the UK at the end of the period (after 2040) reaches almost 150 MtCO2. It shows dependency of UK in
CCS technologies to meet its target.
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Figure 4-3: Carbon credits traded by the UK under different scenarios. Negative = sold and
Positive = bought

4.2

UK bioenergy use

In all of the scenarios implemented the amount of solid biomass and biomass crops available to the
model is constrained to 10,600 TWh/year, the level stipulated by the CCC.
The proportion of energy consumed by the UK on the global consumptions varies from 2.7% to 1.4%
between 2005 and 2050. Figure 4-4 shows the ratio of the UK consumption of bio-energy relative to
global consumption; between 2010 and 2050 this varies from 0.3% to a maximum of 2% (for LC2 and
LC3). The lower ratio occurs in early periods, up to 2035, and again arises because up to this date
developing countries are still locked into using carbon intensive technologies and infrastructure and
so rely on biomass (often in conjunction with CCS) to decrease their emissions. Later in the model
horizon, as these regions begin to replace this infrastructure with low carbon alternatives, more
biomass becomes accessible to the UK. It is noticeable that in the case of a CCS technology failure
scenario (LC4) the UK’s accessibility to global biomass resources decreases to 0.5% of the total
biomass available globally.
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Figure 4-4: Bioenergy used by the UK under different scenarios (ratio of total bioenergy used
globally)

4.3

UK shadow price for fossil fuels

As mentioned previously, TIAM-UCL endogenously calculates the shadow price of different fossil
fuels but these prices must be interpreted with caution since they do not include some important
factors that drive fossil fuel prices (see Section 3.2). To counteract this potential problem, it is
potentially more informative when examining fossil fuel prices to analyse changes rather than relying
upon absolute figures. Figure 4-5 and Figure 4-6 thus present the evolution from 2010 to 2035 of the
shadow price of natural gas and crude oil respectively indexed to values in 2010 within the model for
the UK region. The shadow price of natural gas almost doubles between 2010 and 2035 in LC2 and
LC3. In the case of stringent emission constraints in LC1, as relatively low carbon emissions occur
from natural gas, the price in this scenario almost triples over the next three decades. InLC4, a
reduction in the increase of the natural gas is observed due to the extraction of unconventional oil –
processes that do not require gas but instead produce a small amount of it. As explained in Section
3.5 above, the use of unconventional oil in this scenario arises from the strong demand in natural gas
from the end-use and electricity sectors. Nevertheless this behaviour results in higher oil prices in LC4
than in the other scenarios (Figure 4-6). The shadow price of crude oil is relatively stable within the
other three scenarios, with prices doubling in 2035 relative to 2010 levels.
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Figure 4-5: Ratio of shadow price of gas for the UK under different scenarios (1 represents 2010
values)

Figure 4-6: Ratio of shadow price of crude oil for the UK under different scenarios (1 represents 2010
values)

4.4

Carbon emissions and electricity carbon intensity

Global CO2 emissions are presented in Figure 4-7. In the first three scenarios CCS technology offers
a crucial way of decarbonising the electricity sector rapidly between 2030 and 2040. When CCS
technologies are not available, decarbonisation is achieved with high investment in solar. However
the electricity sector of the UK for example is never fully decarbonised in 2050 in all scenarios as
shown in Figure 4-8. This is particularly the case in the CCS failure scenario (LC4) in which the
carbon intensity of electricity for UK is still 100 g(CO2)/kWh in 2050, 6 times the global average. The
global energy system becomes increasing electrified in all scenarios with the 2050 electricity share of
final energy consumption in end-use sectors around 50% of the total. Emerging economies such as
China and India are forced to pursue much deeper decarbonisation of their power sectors than
28

developed countries such as the UK, as the industry sector of emerging economies are very carbon
intensive and extremely difficult to decarbonise, particularly without CCS.

Figure 4-7: CO2 emissions at global level under different scenarios

Figure 4-8: CO2 intensity for electricity production at global and UK level under different scenarios
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