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ABSTRACT

The global initiative Sustainable Energy for All (SEforALL) aims to ensure the global transition towards more
sustainable energy services by 2030 through achievement of three interlinked objectives: 1) to ensure the universal
access to modern energy services; 2) to double the global rate of improvement in energy efficiency; and 3) to double
the share of renewable energy in the global energy mix. Very often energy access, energy efficiency and renewable
energy are considered to be separate areas of the policy and technological development with quite isolated policy
frameworks, stakeholders involvement processes and implementation efforts.

This paper investigates potential synergies between these areas through the framework and global indicators of
SEforALL by means of the integrated assessment model ETSAP-TIAM and development of several scenarios for the
period between 2010 and 2030.

The results demonstrate significant synergies between the outlined SEforALL objectives and their importance for
ensuring sustainable energy future at the global level, as well as mitigation of the climate change impacts and global
temperature rise. This calls for uniting efforts across these three areas of sustainable energy and elaboration of more
holistic approaches to policy and technology development.

INTRODUCTION

This paper analyzes pathways for achieving the objectives under Sustainable Energy for All (SEforALL), a United
Nations (UN) global initiative grounded on the three interlinked objectives: 1) to ensure the universal access to
modern energy services (EA objective); 2) to double the global rate of improvement in energy efficiency (EE
objective); and 3) to double the share of renewable energy in the global energy mix (RE objective) (SE4ALL, 2013).

The main hypothesis of this paper is that the synergies exist between large-scale renewable energy deployment and
energy efficiency improvement, which can be utilized in the achievement of the SEforALL objectives. The verification
of this hypothesis was conducted through development and comparison between the scenarios, which consider (1)
achievement of EE objective in isolation from renewable energy deployment, (2) achievement of RE objective in
isolation from energy efficiency improvement and (3) progress towards achievement of both these objectives at the
same time. The effect of achieving EA objective is also modelled, but is not in the focus of the discussion presented
in this paper. The positive verification of the hypothesis would demonstrate the importance of simultaneous actions
in the field of energy efficiency improvement and renewable energy deployment, rather than separating them or
giving a priority to either of them in the policy development and choices of technological solutions.

The integrated assessment model, ETSAP-TIAM, was used to compare developed scenarios for the energy system
dynamics between 2010 and 2030 from the economic optimization point of view. The compound annual rate of



reduction (CAGR) in the global primary energy intensity® (EIIR) was adopted as a proxy indicator for the SEforALL EE
objective and the share of renewable energy in the global final energy consumption (RE share) — for the SEforALL RE
objective, as suggested in the Global Tracking Framework (SE4ALL, 2013). ETSAP-TIAM gives the opportunity to
analyze a large number of technologies with various levels of efficiency, which gives the flexibility to set different
levels for energy efficiency and renewable energy ambitions under different scenarios.

METHODOLOGY
Base year

Global Tracking Framework determines the following global base values and targets by 2030 for the three SEforAll
objectives (Tablel).

Table 1. Progress in achieving the SEforALL objectives (SE4ALL, 2015).

Electrification (%) Cooking (%) Global compound annual

rate for EIIR (%)

Global RE share (%)

Table 2 presents regional rates for energy intensity reduction (EIIR), which were assumed in the model for the base
year of calculations.

Table 2. Average EIIR rates from 1990-2010 for different regions of the world (SE4ALL, 2015).

LEIIR = primary energy consumption divided by GDP



The 2010 statistical data was used in the model as the input data for the base year of calculations. Then SEforALL
objectives were translated into the target constraints to be achieved by 2030. Such a constraint is set as a specific
predefined outcome for 2030 for a specific attribute (i.e., energy intensity, renewable energy share, or energy
access). From there, a scenario is created by linearly interpolating targets for each time step between 2010 and
2030. In the model, a scenario is linked to the minimum constraint for each time step (i.e., that the conditions of the
target must be met, and may be exceeded), applied at the global level.

Scenarios

The model distinguishes between a reference and several alternative scenarios linked to the investigation of the
linkages between the SEforALL objectives. A reference scenario was created based on the historical EIIR rates, a
default energy system constructed in the model under its default settings. Alternative scenarios were created in
order to reflect progress towards achievement of different SEforALL objectives, as described below. The analysis is
based on the comparison of each alternative scenario to the reference scenario, in order to see how the structural
development of the energy system changes when different combinations of the SE4forALL objectives are achieved.

The following scenarios were constructed:

(i) Reference: The reference scenario reflects the development of the global, regional and sectoral energy
demand if current trends are continued. This scenario takes into account current technological mixes,
performance and cost data for conventional technologies, and default assumptions for “autonomous
energy efficiency improvement” (AEEI). It also takes into account the current carbon price, holding it
constant until 2030. Global energy intensity was projected to 2030 using OECD (2014) GDP PPP
projections and the historic average annual reduction rate of energy intensity for the years 1990-2010
(1.3%), calculated from GTF (SE4ALL, 2015). No regional constraints are applied for energy efficiency,
allowing ETSAP-TIAM to optimize the regional allocation of energy efficiency improvements, subject to
the global constraint. The renewable energy share is set at the IRENA Reference for 2030 (IRENA, 2014).

(ii) EE Scenario: The Energy Efficiency Scenario sets a global minimum constraint on the global energy
intensity reduction rate between 2010 and 2030 of at least 2.6% per year. No constraints are placed on
renewable energy share.

(iii) RE Scenario: The Renewable Energy Scenario and sets a global minimum constraint on renewable
energy share in the global final energy use so that it reaches at least 36% by 2030. No constraints are
placed on energy intensity.



(iv) EE+RE Scenario: The Energy Efficiency and Renewable Energy Scenario combines the constraints for EE
and RE scenarios, so that the global energy intensity is reduced by at least 2.6% per year, and the
renewable energy share in the global final energy use reaches at least 36% of by 2030.

(v) EE+RE+EA Scenario: The Energy Efficiency, Renewable Energy, Energy Access Scenario is similar to the
EE+RE scenario, but it also puts the condition of phasing out the use of traditional biomass, and meets
an assumed minimum electricity demand, thus, potentially achieving all three SEforALL objectives.

Time Frame and Regions
The model is set up to explore the development of the global energy system from the year 2010 to the SEforALL
target year of 2030 with 5-year time steps using the framework of ETSAP-TIAM. The model places the focuses on the

global results, based on the aggregation of estimates from 15 regions presented in Figure 1.
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Figure 1. Fifteen regions of the Energy Technology System Analysis Program TIMES Integrated Assessment Model
(ETSAP-TIAM).

The historic average rate of annual change in energy intensity is calculated using the data from the Global Tracking
Framework (SE4ALL, 2015) for years 1990-2013 for each ETSAP-TIAM region and for the world. For the Reference
scenario, the average reduction rate in global energy intensity for the years 1990-2030 was extrapolated to the years
between 2010 and 2030. By multiplying these energy intensity projections with the OECD (2014) GDP PPP
projections, a total primary energy constraint was created for the world. The SEforALL target constraint for global
reduction rate in energy intensity was determined from the exogenous global GDP PPP projections from the OECD
(2014) and applying a 2.6% annual reduction in energy intensity for the years between 2010 and 2030. In a similar
manner, using OECD (2014) GDP PPP projections for the world, the 2030 global total primary energy targets were
calculated and used as constraints for EE objective under the EE+RE and EE+RE+EA scenarios.

Renewable energy constraints were constructed to set a target share of 36% of renewable energy share in the global
total final energy consumption by 2030. Due to the fact that both the renewable share of electricity generation and
electricity consumption are endogenously optimized in ETSAP-TIAM, the set of renewable energy constraints
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includes system-wide electricity consumption (based on generation, corrected for line losses; i.e. upstream) in
addition to direct fuel use in the end-use sectors in order to avoid non-linearity issues that would occur if the
renewable share of electricity was multiplied by electricity consumption only in the end-use sectors.

In scenarios that include energy access, traditional biomass is assumed to be phased out at a rate of 7.5% per year
for the ETSAP-TIAM regions using traditional biomass. Lacking any detailed literature on pathways to phase out
traditional biomass by 2030, this rate was chosen to create a roughly linear decline to 2030. It is noted that complete
phase out of traditional biomass is a very ambitious goal, as traditional biomass is still a part of well-known climate
mitigation scenarios, e.g. IEA World Energy Outlook 450 Scenario.

To address the issue of traditional biomass, three new technologies were added to ETSAP-TIAM. These technologies
consume traditional biomass for hot water, cooking, and space heating in the following regions: Africa, China, Central
and South America, India, Mexico, and Other Developing Asia. These technological options allow for distinguishing
between the usage of traditional biomass from modern bioenergy production. It is assumed that all solid biomass
consumed in the residential sub-sector for hot water, cooking, and heating is traditional biomass.

Model logic and structure

ETSAP-TIAM is a global technology-rich model of the entire energy/emission system of the world based on the TIMES
model architecture. In all scenarios, ETSAP-TIAM optimizes the energy systems based on resource availability,
existing infrastructure stock, and prices, given the exogenous constraints.

The TIMES (The Integrated MARKAL-EFOM System) model generator, is an evolved version of MARKAL (MARket
Allocation model), developed under the IEA implementing agreement, ETSAP. TIMES is a model generating set of
optimization equations? that computes an inter-temporal dynamic partial equilibrium on energy and emission
markets based on the maximization of total surplus (defined as the sum of supplier and consumer surpluses). In
essence, a model generated by TIMES finds the least-cost solution for the entire energy system with flexibility in
terms of time resolution and sectorial focus.

As ETSAP-TIAM is based on the TIMES equations, it is a perfect foresight, linear optimization model (ETSAP-TIAM
optimizes all time periods simultaneously). The objective function that is maximized is the discounted net present
value? of the total surplus® for the entire world. As an integrated energy system model, ETSAP-TIAM is built to
represent the total energy chain, including energy extraction, conversion and demand (e.g., fossil and renewable
resources), potentials of CO. storage and region-specific demand developments. The region and sector-specific
demands for end-use energy and industrial products are driven by socio-economic parameters. The model contains
explicit detailed descriptions of hundreds of technologies as well as hundreds of energy, emission and demand flows
within each region (region-specific parameters can be defined), logically interconnected to form a Base Energy
System. Such technological detail allows precise tracking of optimal capital turnover, and provides a precise
description of technology and fuel competition. The long-distance trade of energy between the regions of ETSAP-
TIAM is endogenously modeled for coal, natural gas (gaseous or liquefied), crude oil, various refined petroleum
products, and biofuels. Global and regional (partial agreement) greenhouse gas (GHG) emission trading is also
possible. ETSAP-TIAM is driven by a set of demands for energy services in agriculture, residential buildings,

2 A complete description of the TIMES equations appears in http://www.iea-etsap.org/web/Documentation.asp.

3 A discount rate of 5% is assumed. Net present value is calculated to 2005.
4 Total surplus is here defined as the sum of supplier and consumer surpluses.
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commercial buildings, industry, and transportation. Each technology has a hurdle rate that varies from 5% to 20%,
depending on the sector. The hurdle rate is used to convert the capital cost in an annual cash flow: discounted multi-
year interest rate payments are included when calculating an annual payment for an investment and payback time
(a technology with a high hurdle rate means a short payback rate is required, while a technology with a low hurdle
rate allows a longer payback time). Learning curves are exogenously assumed for each technology through the price
inputs contained in the ETSAP-TIAM database, assuming that the costs of technologies generally decrease in future
time periods (Loulou, R., etc. 2009).

The model's variables include the investments, capacities, and activity levels of all technologies at each period of
time, as well as the amounts of energy, material, and emission flows in and out of each technology, and the
quantities of traded energy between all pairs or regions. For sectors that use electricity and heat, the flow variables
are defined for each of six time-slices: three seasons (summer, winter, and autumn/spring) times two diurnal (day
and night) divisions. ETSAP-TIAM is a partial equilibrium model, and although it does not include macroeconomic
variables beyond the energy sector, there is evidence that accounting for price elasticity of demands captures the
majority of the feedback effects from the economy to the energy system (Bataille, 2005; Labriet, Kanudia, & Loulou,
2012; Scheper & Kram, 1994).

Technological change is often formalized by an AEEI coefficient. AEEI adjusts energy intensity while holding energy
prices constant, reflecting (autonomous) capital turnover without changes in price. Different assumptions about
AEEI can result in large differences in future estimates for energy efficiency, and thus the cost of climate change
mitigation. The cost of mitigation output is inversely related to the AEEI (as AEEI goes up, mitigation cost goes down,
because people choose more efficient products and processes without a price signal).

Input Data

The algorithm in ETSAP-TIAM is designed to calculate energy production (by resource) that meets the energy service
demands for each region. The energy service demands are calculated by means of a set of exogenous demand
drivers. In ETSAP-TIAM, the demand drivers are used to calculate subsector service demands in future time slices
using the following relationship:

. lasticit
Demand, = Demand,_, x k x Driver,;, “*"*“'"”

Equation 1. Relationship between service demand and demand drivers in ETSAP-TIAM.

In Equation 1, t represents the time step and k is a constant (equal to one unity for most subsectors). The elasticity
is a parameter that defines the relationship between the driver and demand (e.g., energy demand elasticity in
relation to GDP). We maintained the default constants and the elasticities within the ETSAP-TIAM database.

ETSAP-TIAM also includes several measures and technologies to reduce energy intensity of fuel transformation of
both energy supply and energy demand, including different types of power plants, transport technologies, industrial
applications and energy appliances for the residential and commercial sectors. In this paper, the analysis is
conducted for the following end-use sectors: agriculture, buildings, transport, industry.

The model’s technology database contains both standard technologies to cover the industrial demand but also
advanced technologies with higher efficiencies, and can be categorized as conventional/existing,
improved/advanced, and best available. Some technologies have an increasing level of energy efficiency for each
future time step, representing an evolution in design for a given technology. Best available technologies are the
regional ‘best practices’, i.e. the technology with the best possible performance available on the regional market.
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They are, therefore, a special subset of the advanced technology category. This category may include innovations
and emerging technologies with small current market shares. In the industrial sub-sectors, the model also can shift
between fuels (within pre-determined ranges to account for the technical feasibility to produce the corresponding
final industry goods), which implies an adjustment of the energy chain and processes. In ETSAP-TIAM, energy
efficiency is parameterized through different fuel conversion efficiencies in upstream processes and in end use
technologies, defined as service output (e.g., light, heat, etc.) over energy input. Each technology has corresponding
fixed (capital) and variable (operations and management) costs. In general, more efficient technologies have higher
capital costs. Each technology in ETSAP-TIAM also has a specified discount rate which shows how much
corresponding energy efficiency improvements are implicitly valued by consumers (or investors) over time
(Gillingham, Kotchen, Rapson, & Wagner, 2014).

RESULTS

Energy efficiency objective

In Figure 2 presents the EIIR for Reference, RE, and EE-based scenarios (i.e. the results are the same for EE, EE+RE,
EE+RE+EA scenarios and presented under one line) for the years 2010 to 2030. Reference scenario has an ElIR of -
1.3% CAGR, and the EE-based scenarios have EIIR set to -2.6% CAGR. In the RE scenario, the reduction in energy
intensity is larger than that under the Reference scenario, reaching almost half of the 2030 target value for EIIR for
the energy efficiency objective. This demonstrates a synergetic effect between the two objectives, as the
deployment of renewable energy technologies reduced primary energy consumption and, therefore, had a notable
impact on the ElIR.

8
—— Reference —— RE EESREZEA
— EE —— EE&RE

MJ/2005USD
-
1

2010 2015 2020 2025 2030

Figure 2. Global Energy Intensity by year and scenario
Note: EE&RE&EA, EE&RE and RE scenarios are under the same line marked ‘EE&RE&EA’

In Figure 3, the RE scenario, where no constraints are placed on energy efficiency improvement, and the SEforALL’s
objective on doubling the global renewable energy share is achieved, the result for the global EIIR is estimated at
the level of 1.8% CAGR. As noted above, achieving the SEforALL renewable energy objective is synergistic with
meeting the SEforALL energy efficiency objective. Results for India, Japan, the Middle East, and Western Europe
show a more significant reduction in energy consumption under the EE+RE scenario versus the EE scenario,
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suggesting that these regions have a have a greater synergy between energy efficiency and renewable energy among

other ones.
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Figure 3. Compound Annual Change in Energy Intensity 2010-2030, by region, alternative scenarios

Renewable energy objective

In Figure 4, the global RE share for 2030 is compared between the Reference, EE and the RE scenarios (shares of
renewable energy are similar between the RE, EE+RE and EE+RE+EA scenarios). Adding the energy intensity
constraint produces a solution where it is economically optimal to also increase the deployment of renewable
energy, such that by 2030, it is approximately half way to the achievement of RE objective in comparison to the

reference scenario.
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Figure 4. Global renewable energy share (%) of total final energy consumption by scenario
Note: EE&RE&EA, EE&RE and RE scenarios are under the same line marked ‘EE&RE&EA’

Climate change targets

The model also gives the opportunity to estimate the CO2 emissions for 2010-2030 for the developed scenarios.
Figure 5 presents the results for the scenarios discussed in this paper compared to the CO2 emissions from two
Representative Concentration Pathways (RCPs): RCP2.6 and RCP4.5. The RCP 2.6 describes the Earth’s climate in the
year 2100 with 2.6 additional W/m2 radiative forcing over pre-industrial times and is the most ambitious of the RCPs
(Moss, 2010). The RCP4.5 represents 4.5 W/m2 additional radiative forcing in 2100 (Moss, 2010). RCP2.6 is likely to
limit warming to 2° C global warming over pre-industrial times, whereas the RCP4.5 is more likely than not to exceed
it (Moss, 2010). As can be seen from Figure 5, the scenarios developed for this paper fall between these two
pathways, meaning that they are consistent with limiting global warming to 2° C with the probabilities to stay below
this threshold estimated in the range between 50% and 66%.

Under the reference scenario, keeping global warming to under 2° Cis unlikely. In isolation from other two SEforALL
objectives, the scenario with the focus on energy efficiency objective (EE) reduces emissions more than the scenario
pursuing the achievement of the renewable energy objective (RE). However, the scenario, which combines the
achievement of the both of them (EE+RE) reduces more emissions than either of them alone, offering the ground
to conclude that there are beneficial synergies of simultaneous improvement of energy efficiency and large-scale
deployment of renewable energy technologies for mitigating the global temperature rise caused by the
anthropogenic climate change. Achieving the SEforALL energy access objective (EE+RE+EA), however, increases
emissions in comparison to the previous case (EE+RE), because electricity consumption increases in the developing
regions in order to ensure the universal access to modern energy services, and because some of the traditional
biomass is replaced by fossil fuels within ETSAP-TIAM.

These results demonstrate that ambitious and effective policies are required in all three areas of SEforALL (energy
access, energy efficiency and renewable energy) in order to achieve the global transition toward a more sustainable
energy system and limit the global temperature rise under 2° C. Such policies should not be developed in isolation
in order to exploit potential synergies and take into account the trade-offs (e.g. if the energy access is increased, the
global emissions are likely to increase) between these interlinked areas. However, even the complete achievement
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of the SEforALL objectives might not guarantee the achievement of the climate change targets (the probability is
between 50 and 66%), which means that even more ambitious efforts are needed in order to ensure the sustainable
energy future for the world.
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Figure 5. Emissions under various scenarios in comparison to the RCP 2.6 and RCP 4.5

CONCLUSIONS

There are notable synergies between the SEforALL energy efficiency and renewable energy objectives. Achieving
either of these objectives alone results in economically optimal solutions where the other objective is easier to
achieve. When the SEforALL renewable energy objective is modelled to be achieved within the ETSAP-TIAM
framework, the changes in the global energy system resulting from implementation of this constraint lead to the
increased rate of the global energy intensity reduction. Likewise, a scenario that achieves the SEforALL energy
efficiency objective results in a solution that achieves the SEforALL renewable energy objective halfway, i.e.
increasing the global renewable energy share in the total final energy from 18% in the base year to 26% in 2030. On
the global scale, the renewable shares in every sector increase if the SEforALL energy efficiency objective is achieved.
The results from ETSAP-TIAM suggest that the SEforALL energy access objective is not as synergetic with the other
two objectives. When traditional biomass is phased out, the results show that it is more cost-effective to replace it
with non-renewable energy sources for residential heating, cooking, and hot water, which decreases the renewable
energy share.

The results for different regions show that the Former Soviet Union and China have the greatest rates of reduction
in energy intensity though these regions still have relatively high levels of energy consumption given their relative
GDPs. Meeting the SEforALL energy efficiency objective will require ambitious global efforts. According to the ETSAP-
TIAM results, Eastern Europe, China, Australia & NZ, Other Developing Asia and India have the largest potential for
improving energy efficiency. Africa, Canada, Central and South America, and Australia & New Zealand have high
potential to increase the proportion of renewable energy within final energy consumption.
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The SEforALL universal energy access objective, on the other hand, is more difficult to achieve. It is a very ambitious
assumption to phase out traditional biomass by 2030, and the most economic near-term option to replace this fuel
is likely to be fossil-based. This reduces the share of renewable energy in these regions, and also requires additional
investment in the residential sectors. Achieving the energy access objective requires significantly higher level of
investments, and slightly increases emissions. Phasing out traditional biomass, modernizing the residential energy
sector, and increasing electricity consumption would likely coincide with rapid economic development. This would
also potentially have an effect on energy intensity, as the distribution and availability of fossil fuels would likely
increase fossil energy consumption, thus affecting GDP. Further research is needed to better understand such non-
linear feedbacks.

According to the exogenous economic projections used in this analysis, achieving the SEforALL energy efficiency
objective of 2.6% EIIR CAGR by 2030 (EE Scenarios) will result in global primary energy production of 603 EJ/year by
2030. This is a reduction of nearly 185 EJ/year in 2030 versus the historic 1.3% EIIR (the Reference scenario). Yet,
this will still mean an absolute increase in global primary energy production of nearly 90 EJ/year relative to 2010,
where primary energy production is 513 EJ. Meeting the SEforALL objectives, however, changes the primary energy
portfolio. Coal use is reduced in the USA and China, and natural gas use declines in the Former Soviet Union. Biomass
energy increases, and, in the case of the energy access objective, traditional biomass is replaced by more modern
fuels. In terms of final energy, the largest changes are in electricity generation, and in the industrial subsectors,
particularly in China.

Achieving the SEforALL objectives would require many regions to make drastic improvements relative to their
historic trends in energy efficiency improvement and renewable energy deployment. Nevertheless, the goals are
feasible, and in many ways synergetic. They are also compatible with addressing climate change and preventing
global warming from exceeding 2° C.
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