D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

Grant agreement no. 730403

INNOPATHS
Innovation pathways, strategies and policies for the Low-Carbon
Transition in Europe
H2020-SC5-2016-2017/H2020-SC5-2016-OneStageB

D1.2. Online Technology Matrix Tool (TMT) and
Technology and Uncertainties Report
Work Package:

WP1

Due date of deliverable:

30th November 2018

Actual submission date:

7th December 2018

Start date of project:

December 1st, 2016

Duration: 48 months

Lead beneficiary for this deliverable: AU
Contributors: N&S, UCAM, UCL, PIC, WUT
Reviewer: n/a

PU

Page 1

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

Disclaimer
The content of this deliverable does not reflect the official opinion of the European
Union. Responsibility for the information and views expressed herein lies entirely with
the author(s).

PU

Page 2

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

Table of Contents
1 Version log

4

2 Definition and acronyms

5

3 Introduction

6

4

8

Progress to date and results
4.1 Scenario data

8

4.1.1 Categorization of data in TMT
4.1.2 Data sources
4.1.3 Data format
4.1.4 Levelized cost of energy (LCOE)

8
9
11
11

4.2 Forecasting uncertainty ranges

12

4.2.1 Data collection
14
4.2.2 Method for estimating future uncertainty from historical data
16
4.2.3 Method for estimating future uncertainty from expert elicitation data
18
4.2.4 Preliminary analysis of uncertainty forecasts generated from historical and expert elicitation
data
18
4.2.5 Statistical estimation of drivers of future cost and uncertainty
21

4.3 On-line tool development

25

5

Description of the Technology Matrix Tool

27

6

Future steps

33

7 Bibliography / References

PU

35

Page 3

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

1 Version log
Version
1
2
3

PU

Date
30 Nov. 2018
5 Dec. 2018
7 Dec. 2018

Released by
Aapo Poskela
Peter Lund
Peter Lund & partners

Page 4

Nature of Change
First draft
Final draft
Final report (v1)

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

2 Definition and acronyms
Acronyms
EC
EU
IEA
IRENA
LCOE
TMT
TRL

PU

Definitions
European Commission
European Union
International Energy Agency
International Renewable Energy Agency
Levelized cost of energy
Technology Matrix Tool
Technology readiness level

Page 5

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

3 Introduction
This deliverable describes the Technology Matrix Tool (TMT), which has been developed in the
Task 1.1 of the INNOPATHS project with inputs from Task 1.2 on technology uncertainty and
from Task 1.6 on including other resource and environmental impacts.
One of the objectives of INNOPATHS is to undertake a technological assessment of the current
and expected future cost and (in some cases) performance of key low-carbon technologies as
well as their competing technologies. This effort also includes a systematic evaluation of
information about the extent of uncertainty around future costs. One of the outputs from this
assessment in WP1 is a detailed Technology Matrix Tool (TMT) which will be available online.
This tool contains the current and future estimated costs from influential integrated assessment
modelling scenarios, learning curve projections, and expert elicitations through to 2050 and
beyond.
The TMT is designed to be an integrated, visual, interactive, and open online platform to be used
by policy makers, industry representatives, scientists, and general practitioners in energy across
Europe and beyond. The tool provides information on present and future values of technology
costs and performance. It integrates information from a variety of sources such as scientific
literature and future-looking modelling scenarios. The TMT covers at this stage (30 Nov. 2018)
over 20 key energy technologies spanning over four key sectors (power, transport, industry and
buildings). TMT also includes information on the uncertainty around future costs for a set of
technologies for which additional information is available.
The Technology Matrix Tool is framed within the second overall objective of INNOPATHS project:
“Presenting a detailed assessment of low-carbon technologies, their uncertainties, future
prospects and system characteristics.” The objective of the TMT tool is to provide one location
to easily identify and understand the relative costs and expectations about the energy
technologies that are seen as crucial in the energy transition in the present literature,
government results, and modelling scenarios. TMT provides a first-order estimate on costs and
technical performance in the timeframe 2030-2050 to be used for future-looking modelling and
narrative scenarios, also including average or weighted values collected into the TMT.
This tool will help subsequent INNOPATHS tasks (in particular the technology assumptions in the
modelling and narrative tasks in WP3) and will serve to inform key stakeholders on the expected
future progress of energy technologies.
The Technology Matrix Tool is designed in a hierarchical way starting with (a) the overarching
economic sector (5), (b) each sector divided into several technologies, and (c) each technology
described through technical and economic parameters. For many of the parameters of each
technology, several data sources are used.
Aalto University (AU) has led the design and development of the Technology Matrix Tool. In
addition to this, other T1.1, T1.2, and T1.6 partners (i.e., UCAM, UCL, PIC, and WUT) have
provided comments throughout the design process and help with data. Nice & Serious has
iteratively developed the software for the tool, i.e. the application interface and the visualization
parts of the tool, and uploading of all data into the tool. The current version of the TMT has
undergone testing by the partners of the project to verify and expand its functionalities.
Additional functionality added as a result of this testing include the ability to visualize two
PU
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technologies simultaneously for comparisons, and a lightweight levelized cost of energy (LCOE)
calculator within the tool, which was not originally perceived, but found important during the
pace of the project to increase the usability of the tool.
Due to the breadth of the data needs for the TMT, but also constant flow of new data on
technologies, we plan to continue incorporating new and updated data set into the TMT after
the M24 within the planned project task budget, thus ensuring that the TMT is as up-to-date
and useful as possible for users of the tool.
The current version of the TMT can be found under the following link:

http://innopaths-tm.niceandserious.com/#/
The tool as it stands at delivery of deliverable D1.2 meets the requirements set in the research
plan of the INNOPATHS project. However, for the following reasons a postponement of making
the TMT public is suggested at this stage:
1) ensuring that all the licenses to use the data in the tool have full clearance as a few are
still pending;
2)

academic journal articles based on some data sets have been submitted also ensuring
(given the complexity of the tool), that all of the contents are vetted properly (this is
crucial, given that the scenario data we show include data from modelling scenarios that
is not available otherwise);

3)

feedback from even more extensive internal use may provide useful feedback to
improve the usability of the tool further, important when used by the public.

Therefore, we propose not to release the tool for public use at M24 (30 Nov. 2018), but to share
the tool link only within the partners and designated stakeholders to respect the proprietary
nature of information. The intention would be therefore to make the tool on-line for the public
by M36, which also includes an update of the information in the tool by then. Basically, there is
no urgent reason to release the tool to the public at M24.
Below we highlight the main functionalities of the Technology Matrix Tool (D1.2) and summarize
the proposed future steps with the TMT.
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4 Progress to date and results
This section summarizes the activities carried out for the development of the TMT from
December 2016 to November 2018 (project months 1 to 24).
The Technology Matrix (TMT) consists of three parts: a) the framework/approach to
comprehensively analyze the energy technologies (categorization, data sets), b) technology
uncertainty information and analysis, and c) the interface and visualization tool (software).
These are described next in detail.

4.1 Scenario data
4.1.1 Categorization of data in TMT
In order to improve the navigation and data selection of the tool, the data is categorized by
technology. The technologies have been assigned a 3-level categorization which is described
below.
The highest level (Level 1, Category) lists all the ‘macro’ aspects of complete energy systems by
sector from production to consumption. This includes four major economic sectors: energy
production, industry, transportation and buildings.
The second level (Technology type) includes intermediate, general level technology types. For
example, in the case of energy production, these would be split into gas-fired technologies,
nuclear power, renewable energy technologies, etc.
The third level is the sub-technology-level. On this level, individual technologies are separated.
This is the level at which the parameters stored for each technology in the tool can be accessed.
The parameters of each technology focus on describing its techno-economic performance and
progress up to 2050 and beyond.
Below in Figure 1 we list the technologies included from the scenarios used as important data
source. The technologies are organized to the 3-level categorization used in the tool.
Level 1
POWER

Level 2
Renewable energy
technologies

Solid fuel technologies
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Hydro power
Concentrating solar power
Solar PV
Wind power onshore
Wind power offshore
Geothermal power
Coal IGCC
Coal IGCC CCS
Coal PC
Coal PC CCS
Lignite
Lignite CCS
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Biomass technologies

Gas-firing technologies
Oil power technologies
Nuclear power
INDUSTRY

TRANSPORT

BUILDINGS

Biomass
Biomass CHP
Biomass CCS
Biomass cofiring
Biogas
Gas
Gas CCS
Oil-fired
Fission
Aluminum
Cement
Chemicals and petrochemicals
Iron and steel
Pulp and paper
Industry
Aviation
Electric vehicles
Heavy road traffic
Hydrogen vehicles
ICE vehicles
Light road traffic
Maritime transport
Rail
Appliances
Cooking
Lightning
Space cooling
Space heating
Water heating
Building

Figure 1. List of technologies included in the Technology Matrix Tool.
Both the industry and building sectors have a technology (Level 3, sub-technology) which is
named after the sector itself. This is since many data sources provided only aggregated data for
the whole sector. It is possible to access the aggregated data through these labels.

4.1.2 Data sources
The availability and reliability of the data sources has to some extent been a determinant of the
technologies that could be included in the TMT (the initial target set in the proposal was 20
technologies covering five sectors). We have combined results from a set of common and
influential modelling scenarios such as EUCO, IEA (Energy Technology Perspectives and World
Energy Outlook), ADVANCE-project (REMIND and WITCH models), and SSPs (WITCH model) to
develop the present version 1.0 of the TMT. In addition, historical data and learning curves and
expert elicitations have been used to show the uncertainty ranges around future costs by UCAM,
also to complement the deterministic estimates from the scenarios. The TMT includes
PU
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uncertainty ranges from learning curves and the capability to display projections from
elicitations.
Below is an outline of the data source availability per main sector for current costs and
deterministic future estimates:
POWER GENERATION AND STORAGE:
-

-

All major technologies are well covered
(Coal, gas, oil, biomass, PV, nuclear fission, wind, hydro)
Data is lacking for technologies that have a very small share, or have a low TRL-level
and are not therefore yet available for large-scale deployment (e.g. fusion, solar CSP,
battery storage, power transmission).
Data is technologywise undetailed in some cases due to several technologies being
grouped together under one name (e.g. lignite is grouped with coal; hydro; fuel
conversion)

INDUSTRY:
-

In most data sources, all industries are aggregated into one category. IEA scenarios
separate the industrial fields, but in this case the data is for the OECD countries and
not for the EU. In addition, some energy efficiency measures and their effects are
listed by the IEA.

TRANSPORT:
-

Projections for the transport-sector are generally well available. Several sources
offer data for different technologies such as aviation, rail, and road traffic. ADVANCE
REMIND scenarios also have estimates for electric and hydrogen vehicles.

BUILDINGS:
-

IEA has estimates for future energy consumption and emission of different aspects
of buildings, such as space heating, appliances, and lighting. In addition, aggregated
data is available from multiple sources.

AGRICULTURE:
-

Agricultural projections are lacking when compared to the other sectors. Estimated
impacts of different agricultural technologies are very rare, and even for aggregated
agricultural data only very few parameters only such as land use can be found. Even
industry-based data sources surveyed were very limited.

The technological parameters presented in the common set of scenarios vary depending on the
sector and data source, but a few core parameters common for all the energy technologies have
been identified. The parameters are listed in the Table 2 below.
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Table 1. List of core parameters for energy technologies included in the tool.
Parameter:
Investment costs
Lifetime
O&M costs
Produced energy (yearly)
Installed capacity
Capacity factor
Efficiency
Learning rate
Facility construction time
Water consumption

4.1.3 Data format
Since the data in the TMT is designed also to be updated and adjusted after its first release, it is
important to have the data put into a specific format. The data is uploaded to the tool through
a separate spreadsheet for each technology. An example of the table format for the data to be
uploads is displayed in Table 2.
Table 2. Example of the data format used in the tool. The table is cut from 2015 to 2090, but in
reality it continues with 5 year intervals. Note that the tool will ignore cells which are left empty.
PROJECT/
SOURCE
ADVANCE

MODEL

SCENARIO

REGION

VARIABLE

UNIT

REMIND

INDC

EU

Investment

$/kWp

IEA WEO2016

New
Policies
Scenario

PV - Large
scale

O&M cost

$2015
per
kWp

2000 2005 2010 2015 …
5046 2536 1521 …
14

2090 2095 2100
406

396

…

In addition to the data points from different scenarios, the TMT will display averages calculated
from the different scenarios of each study. These averages must be calculated beforehand and
uploaded similarly to the raw data as a part of the spreadsheet.

4.1.4 Levelized cost of energy (LCOE)
During the development phase of the tool, it became evident that showing only the time series
of the parameters as originally planned, would not be informative enough, in particular to nonacademic users, and would not well suit for comparison of different energy technologies. For
this reason, a Levelized-Cost-of-Energy (LCOE) calculator has been added to the TMT, which will
enable us to calculate the cost of energy produced or saved over the life-time of the investment.
The levelized cost of energy is the net present value of the unit-cost of energy over the lifetime
of a generating asset. LCOE is mainly used in connection with power generating technologies,
for which reason it is often also called as Levelized-Cost-of-Electricity.
The LCOE is added to the list of parameters for applicable technologies. To calculate the LCOE,
the tool asks the user to define two further variables not found in the tool, namely the discount
PU
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rate and fuel costs. The LCOE is here calculated using a simplified formula assuming that the
yearly variable O&M and fuel costs remain the same over the lifetime:

LCOE =

Capital recovery factor ∗ Investment cost + Fixed O&M cost
Capacity factor ∗ 8760 h

+ Variable O&M cost + Fuel cost

Capital recovery factor =

i (1 + i)
(1 + i) − 1

where I= discount rate (interest rate); t= number of annuities (e.g. the life-time of the system).

4.2 Forecasting uncertainty ranges
The development of the Technology Matrix Tool also involved the development (and inclusion
in the tool) of future-looking cost and performance probabilistic estimates to 2030 and 2050.
UCAM researchers, with support from CMCC, collected historical (backward looking data) and
expert elicitations (forward looking data) of all technologies they were able to find. They
developed and implemented methodologies (including generating probability distribution
functions from historical data and fitting probability distributions to expert estimates and
aggregate them) to project probabilistic estimates of future cost and performance. UCAM used
econometrics to explain the extent to which differences in the median, 10th percentile and
standard deviation forecasts of technology costs in the future (2030) were driven by method,
geography, or technological differences. UCAM worked with N&S to introduce 10th, 25th, 50th,
75th and 90th percentile estimates using the different methods in the TMT.
The next sub-sections describe, in turn:


The data collected from historical experience and elicitations (section 4.2.1). It is worth
highlighting the following aspects of the data collection exercise:

PU

-

the historical and expert elicitation data that we were able to collect was in most
cases not easily available individually and had never been collected previously in a
centralized a systematic manner or made available for downloading to the public
and the research community;

-

regarding the collection of historical data: in some cases, historical data on the
evolution of the cost and performance of a technology over time was easily
downloadable from international organization databases, in other cases it had to be
requested from various organizations (as the underlying data that was used in
particular reports or papers had not been made available), and in a large number of
the cases it had to be extracted using software from figures or graphs in papers
behind paywalls;

-

regarding the collection of expert elicitation data: in some cases, individual expert
answers were obtained through emails to authors of papers in the peer-reviewed
Page 12

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties
literature or extracting data from graphs in the literature behind pay walls, or
extracting data from the supplementary information of papers behind paywalls;






In most cases, the data had to be standardized before it was used in the uncertainty
projections.

The methods developed to project forward looking probabilistic estimates of cost based
on historical deployment or time paths (section 4.2.2). It is worth highlighting the following
aspects of the uncertainty forecasting exercise from historical data:
-

the probabilistic estimates involve analyzing historical rates of technological change
using a minimum time window of 3 years (we have tested the robustness of various
comparisons using 5 years as the minimum time window);

-

we present separate forecasts of uncertainty around costs as a function of time and
as a function of business as usual deployment, and we also analyze whether
historical and future trends differ systematically across geographies (we code data
indicating whether it is ‘global’ or it came from a particular region).

The methods developed to provide probabilistic estimates of future costs from expert
elicitations (section 4.2.3). It is worth highlighting the following aspects of the uncertainty
forecasting exercise from expert elicitations:
-

our analysis of expert elicitations involves interpolating technology trajectories
between an expert estimate in the past and an expert estimate in the future
(interpolation) as well as extrapolation into the future (2030 or 2050);

-

It also involves fitting continuous Gamma or lognormal probability (depending on
fit)) distribution functions to 5 points (3-point estimates by experts and 2 are derived)
and adding in a piecewise manner the probabilities assigned by various experts
assigning equal weights.

The coding and statistical analysis of the drivers of future uncertainty ranges using
econometric tools (section 4.2.4). It is worth highlighting the following aspects of the
analysis of the forecasting data using ordinary least squares regressions:

PU

-

we extracted from the forecasts in 2030 variables characterizing the distribution of
future costs and coded the dataset using backward-looking and forward-looking
methods using a range of methodological, technological, and geographic dummy
variables. This results in a novel database relying on previously dispersed and
unavailable data that we then used to generate forecasts using new methods. This
database includes 640 observations.

-

we used regression analysis to predict the likelihood that different forecasting
method, technology and geographic characteristics were associated with higher or
lower mean estimates, 10th percentile estimates, uncertainty ranges (defined as
(90th percentile – 10th percentile)/50th percentile, and the standard deviation of
costs in 2030
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-

we made robustness checks that indicated that the extent to expert elicitation
forecasts and historical forecasts are comparable is strongly determined by how
close in time are the date of the expert elicitation and the latest historical data. This
led us to limit comparisons to learning curve projections that only include data up
to the year of the elicitations.

We now provide additional detail in each of these four main analytical tasks. In addition to
feeding the underlying data and forecasts in the TM tool, including the geographic and
technology detail and the references to the original data, we are in the process of completing
an article for submission to a top journal. We expect to finalize the submission in January 2019.

4.2.1 Data collection
UCAM has collected two types of data to estimate uncertainty around the future of energy
technologies: (1) historical data on the evolution of cost and performance for energy
technologies over time and with installed capacity to conduct probabilistic analysis of future
costs using learning curves (Nagy et al., 2013; Nemet, 2009); and (2) estimates of future costs
and performance (typically around 2030) using expert elicitations (Verdolini et al., 2018).
Historical data was obtained from a range of databases (e.g. IRENA), research articles,
government reports, market research publications, and other published sources. Data from
expert elicitations comes from academic publications. In some cases, we had to email the
authors of the paper or the database providers to access the underlying data, which involved
some delays. In many cases, the underlying data was available only behind journal pay walls. In
many cases, the data in scientific papers is provided in the supplementary materials or just in
the form of graphs. In such cases, we extracted underlying data using WebPlotDigitizer
(https://automeris.io/WebPlotDigitizer/).
To be able to include historical data from learning curves in our data collection exercise, the data
had to meet the following conditions: it needed to include a performance metric (price or cost
per unit of production), a production (or installed capacity) metric for a period of at least 5 years,
with no missing data in intermediate years, and a year associated with each performance data
point.
Table 3 shows that data we gathered in this extensive data collection exercise (using IRENA,
Bloomberg finance, Lazard, Google scholar, IEA, Fraunhofer) for learning curves (cost or
performance as a function of time and deployment) and elicitations. We also indicate the
sources of the data and, in the case of learning curves, the years for which the data was available.
For both the experience curve and elicitation data we show the region for which the data are
available. In some cases, the data show global averages, in others, regional averages.
We now provide some more detail on some of the expert elicitation data we collected. The
expert elicitation data for solar photovoltaic power (thin film, crystalline-silicon, and
concentrated solar power) nuclear, bioelectricity, bioenergy, carbon capture and storage were
obtained from Harvard study, which were estimated around 2010 and covered data in 2010 and
2030. The elicited levelized cost data for fully electric vehicles (Battery Electric Vehicles or BEVs)
and Plug-in Hybrid Electric Vehicles (PHEVs) are from Catenacci et al (2013). The elicitation data
for onshore wind, offshore wind and floating were obtained from Wiser et al. (2016), which
provide both the levelized cost ($/kWh) and capital cost ($/W). We obtained the capital cost
PU
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data for water electrolysis from Schmidt et al. (2017) and the overnight capital cost data for gridscale energy storage was provided in the supplementary material of the book by the original
authors of the Harvard study.
Overall, we have historical data for 20 technologies (for some technologies we have data for
more than one region), expert elicitation data for 19 technologies, and we have data from both
elicitations and learning curves on 9 technologies.
Table 3. Overview of underlying data collected by technology. The technologies are marked as
novel or incumbent (or mature technologies). The second column details the type (duration and
geography) and source of the historical data (for learning curve analysis). The third column
indicates whether there was comparable expert elicitation data for each technology, its source,
and the years for which elicitation data were available.
Technology (metric)

Learning Curve Data (Y/N); Data
Source; Years covered; (region*)

Expert Elicitation Data (Y/N);
Source;
Years
Covered;
(region*)

Y; IRENA; 2000-2017; global, China,
Italy, US, UK, Sweden, Germany,
France, Canada, Brazil
Y; IRENA; 2010-2017; global

Y; Wiser et al., 2016; 2020,
2030, 2050; global

Electricity Production
1.

Wind power cost (LCOE and
capital cost)
1.1 Onshore wind (mature)
1.2 Fixed-bottom Offshore
(novel)
1.3 Floating Offshore (novel)

Solar (LCOE and capital
cost)
2.1 Photovoltaics (PV)

N

Y; Wiser et al., 2016; 2020,
2030, 2050; global
Y; Wiser et al., 2016; 2020,
2030, 2050; global

2.

2.2 Crystalline Technology
(mature)
2.3 Thin Film Technology
(novel)
2.4 Rooftop
2.5 Concentrating Solar Power
3. Natural gas (wellhead
prices)
3.1 Onshore Gas Pipeline
3.2 Offshore Gas Pipeline
4.

Y; IRENA; 2010-2017; global,
Germany
Y; Fraunhofer, 1976-2009, global

Y; Anadon et al, 2014; 2010，
2030; US
Y; Curtright, 2008; 2030; US

Y; Fraunhofer, 1976-2009, global

Y; Curtright, 2008; 2030; US

Y; Fraunhofer,1990-2016, global
Y; IRENA; 2010-2017; global

Y; N
Y; Curtright, 2008; 2030; US

Y; Fukui, 2017, 1997-2015; US
Y; Fukui, 2017, 1997-2015; US

Nuclear
SMR (novel)

Y; Lazard; 2009-2016; World

GenIII/III+ (mature)

Y; Lazard; 2009-2016; World

5.
PU

N
N

Anadon et al,
2030; US; Baker
2030; EU
Anadon et al,
2030; US; Baker
2030; EU

2014; 2010,
et al., 2009;
2014; 2010,
et al., 2009;

Geothermal Electricity
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6.

N

Y; IRENA; 2000-2017; World

N

Y; Hettinga, 2009; 1980-2006; US
Y; Nogueira et al., 2016; 2005-2015;
Brazil

Y; Baker et al., 2015
Y; Anadon et al, 2014; 2010,
2030; US

Y; IRENA; 2000-2017; World

N

Hydropower

7. Biofuel
7.1 Jet Fuel substitute
7.2 Biodiesel (cost)
8.

Y; IRENA; 2000-2017; World

Bioelectricity (LCOE)

Electricity Storage
9. Battery
9.1 Li Battery (LCOE) (mature)

Y; Kittner et al, 2017; 1991-2015

Anadon et al, 2014; 2010, 2030;
US
Anadon et al, 2014; 2010, 2030;
US
Anadon et al, 2014; 2010, 2030;
US

N

Schmidt, O. et al. 2017; 2020,
2030
Schmidt, O. et al. 2017; 2020,
2030
Schmidt, O. et al. 2017; 2020,
2030

9.2 ZnBr Battery (novel)
9.3 Flow battery (novel)
10. Water electrolysis
10.1 Alkaline
10.2 Proton exchange
membrane
10.3 Solid oxide electrolysis cell
Transportation
11 Vehicles
11.1 Fuel cells
11.2 Hybrid Electricity Vehicles

N
N

Y; Weiss et al., 2012, 2015; 19992010; US
Y; Weiss et al., 2012, 2015;19992010; US

N

Y; IEA, World Input-output
database, 1995-2014; global

N

Catenacci et al, 2013; 2030; EU

Industry
12

Steel (energy efficiency
(kW/US$ output)

*We indicate region in the fourth column on learning curve data in cases in which the data is not global.

4.2.2 Method for estimating future uncertainty from historical data
UCAM developed the analysis toolkit and MATLAB code to project uncertainty ranges using
historical data and expert elicitations to 2050 using 5-year intervals.
For historical data, we have developed probabilistic estimates of cost up to 2050 as a function
of time and as a function of business as usual deployment. The current work allows researchers
to provide probabilistic estimates based on historical data with 3- year time intervals. We do
forecasts as a function of time and a function of current deployment scenario. For expert
elicitation data, we interpolate costs between 2010 and 2030 using an exponential decrease
functional form. Then we extrapolate costs to 2050 it is assumed that between 2030 and 2050
costs follow the same functional form as between 2010 and 2030 (Chan and Anadon, 2016).
We developed and implemented a new approach to estimate uncertainty from learning curve
data. Instead of using a deterministic approach (providing one estimate for future cost) or
PU
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developing the uncertainty range by taking a full dataset, creating a best fit and using the
standard error to project future uncertainty (Farmer and Lafond, 2016), we estimate the
learning rate and price in 2030-2050 for every combination of beginning years, tm and end years,
tn for which tn - tm≥3. This process is similar to that proposed by Nemet (2009).
Figure 2 shows the results from using the method discussed above to produce 10th, 25th, 50th,
75th and 90th percentile estimates of future global levelized cost of electricity (LCOE) using
historical data as a function of time (on the left) and of deployment (on the right). The historical
data is the same. Interestingly, using the same method leads to a larger uncertainty range (in
this case) when using forecasts as a function of deployment when compared to time.

(a)

(b)

Figure 2. Examples of levelized cost of electricity (LCOE) forecasts including uncertainty for
onshore wind as a function of (a) time and (b) business as usual deployment.
Figure 3 shows the probability distribution function of global onshore wind LCOE in 2030, which
can be used directly to compare learning curve with expert elicitation projections (since most
elicitation papers use the 2030 timeframe). We have conducted this comparison (for
demonstration purposes) after standardizing the year used for the dollar metric.

(a)
(b)
Figure 3. (a) Comparison of the mean value (50th percentile) of global LCOE for onshore wind over
time as a function of time and deployment. (b) Probability distribution of onshore wind LCOE in
2030 as a function of time and as a function of deployment.
PU
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4.2.3 Method for estimating future uncertainty from expert elicitation data
There are a number of expert elicitation studies on energy technology projects and programs.
These studies were performed independently in a wide range of organizations, mainly in the
United States and in the European Union. Expert elicitations typically ask experts to provide
estimates of the 10th, 50th and 90th percentiles of costs in the future (mostly in 2030).
But each elicitation includes several experts (ranging from about 4 to about 30). To provide a
forecast that includes insights from more than one expert, it becomes necessary to develop a
method to generate continuous (as opposed to three-point) probability distribution functions
for each expert, and then to aggregate. On the first point, we calculate the min and max value
based on the elicited 10th, 50th, and 90th percentiles of solar PV prices in 2030 and then fit
probability distributions (Gamma or lognormal distribution depending on fit) to the five data
points using a piecewise cubic fit to the cumulative distribution (Baker et al, 2015). Figure 4
shows the cumulative density function (on the left) and the probability density function (on the
right) for each expert from a solar PV expert elicitation conducted by UMass Amherst (Baker et
al., 2009). On the second point, we aggregate the continuous probability density functions for
each expert by using a weighted average of the probability density (or cumulative probability)
over the expert distributions. This method is sometimes called “Laplacean mixing” (Baker et al.,
2015; Laplace, 1812). In the present context we follow previous studies and use equal weighting
of the experts assessing each quantity in each study for simplicity. Verdolini et al (2018), which
is one of the outputs of this project, discusses the various considerations that can shape the
choice or equal or other weights. In this work we opt for using equal weights since we rely on
previous elicitations most of which do not have questions that can be used to calibrate experts
and justify deviating from the use of equal weights.

(a)
(b)
Figure 4. (a) Cumulative probability distribution function of average global LCOE for solar PV in
utility scale applications in 2030 for three different experts and two different R&D scenarios (high
and low) ($/kWh) in 2030 for solar PV; (b) probability density function of average global LCOE for
solar PV in utility scale applications in 2030 for three different experts and two different R&D
scenarios (high and low) ($/kWh) in 2030 for solar PV.

4.2.4 Preliminary analysis of uncertainty forecasts generated from historical and expert
elicitation data

PU
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Before coding the information in a database to analyze statistically the technology,
methodological and geographical factors associated with higher or lower costs and higher or
lower uncertainty, we conducted a visual analysis.
For the technologies for which have both the expert elicitations and historical data, we compare
the elicited capital cost or levelized cost projections from experts in 2030 to the projections
based on historical experience on learning curves using the latest information (Figure 5).
We find that using projections from data from expert elicitations (most of which were conducted
between 2007 and 2013, although some were conducted in 2015) and comparing it to the latest
historical data (which in most cases goes out to 2017) produces a systematic bias indicating that
experts are much more pessimistic in some cases.

(a) Comparison with latest historical data

(b) Comparison with data up to elicitation
year

Figure 5. Comparison between elicited investment cost of onshore wind in 2030 to the
projections based on historical experience data (a) latest historical data and (b) up to the
elicitation year.
We obtain more comparable estimates when we plot the estimates from elicitations alongside
projections from learning curves that use data only up to the year in which the elicitation was
conducted (see Figure 6).
Even with that correction, we find that the estimates from experts vary substantially across
technologies. Take the wind technologies for example, onshore wind is relatively mature and
already makes a significant contribution to energy supply in many countries, which is expected
to be less expensive than offshore wind technologies. In these terms, onshore wind is expected
to remain less expensive than offshore wind from both the elicited cost and predictions from
historical data. Figure 5 shows that the experts are pessimistic about the capital cost reductions
for onshore wind, while being quite optimistic about the cost reductions that one may expect
for offshore wind. Using estimates from experts shows that experts expected faster capital cost
reductions for offshore wind in 2030 than those that would be predicted using observations
from the historical experience. This different between experts and learning curve projections
are reversed in the case of solar PV. Our visual descriptive analysis helped us select the variables
to investigate in the econometric section (4.2.5). The full analysis s on all the technologies will
be available in a paper to be submitted in January.
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Page 19

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D1.2. Online Technology Matrix Tool (TMT) and Technology and Uncertainties

(a) All solar PV

(b) Nuclear

(c) Onshore wind

(d) Offshore wind

(e) Bioelectricity in EU

(f) Bioelectricity in US

Figure 6. Comparison of elicited capital cost or levelized cost in 2030 to projections based on
historical experience data in 2030. Nuclear: elicited data is levelized capital cost while the
historical data includes all cost.
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We also compare the future cost in different regions with available data, Figure 7 shows the
comparison of levelized cost of onshore wind technology with and latest historical data to the
elicited estimates. The elicited cost is higher than the statistical predication in many regions.

Figure 7. Comparison expert estimates to projected levelized cost of onshore wind in different
regions in 2030 based on historical experience data in 2030.

4.2.5 Statistical estimation of drivers of future cost and uncertainty
The analysis in section 4.2.4 indicates that different technological, regional and methodological
considerations may affect future projections. Note that we care about explaining what affects
our views on the future because this views shape investment and policy decisions.
To determine the extent to which all these variables simultaneously affect the forecasts for
2030, we code the forecasts using the following dependent variables (Y):
-

median cost estimate (50th percentile)
optimistic cost estimate (10th percentile)
uncertainty range (90th percentile – 10th percentile)/50th percentile
standard deviation of the cost

We further code the database using the following dependent (dummy) variables:
-

-

PU

geographic variables (costs may be global, US, EU, China or other)
technological (we have a range of technologies, 12, and sub technologies, 30); we
also classify for high level technologies a ‘new’ technology and the ‘incumbent’ and
test the extent to which different methods provide different results for novel vs
incumbent (or mature technologies)
method used to develop forecast (aggregation of expert elicitation, learning curve
as a function of time, or learning curve as a function of BAU deployment)
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Because of the heterogeneity across technologies, regions, prediction methods, we use
ordinary least squares regressions to determine the extent to which the different dependent
(control) variables shape various descriptors of 2030 costs (Y).
Our main econometric specification is:

ln(Y)     (M)   (T)   (E)   (R)  
where M are dummy variables indicating predication method (i.e., function of time, function of
deployment and expert estimates), with function of deployment as the reference (default)
method; T are dummy variables indicating the technology, with solar PV utility scale as the
reference category; E is a dummy variable equals to 1 if the technology is a new sub-technology
versus the more mature (or incumbent technology) ; R are dummy variables indicating the
results in different regions, with the EU region as a reference or default.
As previously mentioned, Y is the dependent variable, and we test the relationship between the
four control variables above and four dependent variables. First, given the growing interest in
more systematically understanding the uncertainty in forecasts, we focus the discussion of our
results here on the factors driving the confidence around the central estimates and standard
deviation. We follow previous studies (Nemet et al., 2017; Anadon, 2013) and use the
uncertainty range (Urange) to measure the percentage variation. Urange is defined as the
difference between the 90th and 10th percentile divided by the 50th:

Urange=(P90-P10)/P50
Since Urange is a normalized metric, it can be pooled for all technologies and measure different
parts of costs and maybe in different units; for the technologies with the same unit and covering
same part of cots, we also use the standardized costs.
Second, because the cost distribution of is of particular interest to policymakers, we also include
models in which we use the best-case estimates (P10) and median estimates (P50) as the
dependent variables (Nemet et al., 2017). The percentile metrics can be meaningfully compared
only within each technology due to differences in how the estimates are used for each
technology (of the systems in which they are integrated) and also the maturity of the
technologies. We first estimate uncertainty by pooling data for all technologies and then for
each of the technologies separately. Table 4 shows descriptive statistics for the variables.
Table 4. Descriptive statistics for dependent and independent variables.

Variable
sd_a
lnurange
ee
lrt
lrd
unit2_w
unit1_lcoe
global
t_bioe
t_biof
PU

Obs
640
640
640
640
640
640
640
640
640
640

Mean
100.8011
-0.3868
0.728125
0.1375
0.134375
0.314063
0.715625
0.145313
0.04375
0.067188

Std. Dev. Min
Max
2015.119 0.000321 50596.21
0.835246 -3.60624 4.051692
0.445274
0
1
0.344644
0
1
0.341322
0
1
0.464504
0
1
0.451469
0
1
0.352691
0
1
0.204698
0
1
0.250542
0
1
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t_nu
t_pv
t_ccs
t_wind
t_storage
t_watere
t_geo
t_gas
t_hev
t_hydro
t_solidf
t_old
t_new

640
640
640
640
640
640
640
640
640
640
640
640
640

0.254688
0.357813
0.014063
0.170313
0.053125
0.020313
0.003125
0.009375
0.003125
0.003125
0.00625
0.354688
0.228125

0.436026
0.479732
0.117841
0.376201
0.224458
0.141177
0.055858
0.096445
0.055858
0.055858
0.078871
0.478793
0.419952

0
0
0
0
0
0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
1
1
1
1
1
1

Nuclear technology
Solar PV technology
CCS technology
Wind technology
Energy storage
Water electrolysis
Geothermal technology
Natural gas
Hybrid Electric Vehicle
Hydropower technology
Solid fuel
mature technologies
Novel technologies

Table 5 provides the association between Urange and the different estimation methods.
Interestingly, the method variable is highly significant when pooling all technologies, although it
becomes significant only for some technologies when treated separately, due to the size of the
dataset, most likely. However, our method for forecasting uncertainty based on learning curves
as a function of time is associated with a higher Urange—i.e., expert elicitations produce
narrower ranges. We can also see that technologies Y and Y result in lower uncertainty ranges,
perhaps due to their level of maturity.
For the model including all technologies, the uncertainty of expert elicitations is 66.7% less than
the predictions from the historical data. For the technology-specific model, the expert estimates
also have less uncertainty, no matter statistically significant or not. More results will be
discussed in the forthcoming paper.
Table 5. Descriptive statistics for dependent and independent variables.
Y=ln(Urange)
Expert
estimates
Function of
deployment

Concentrating
Solar Power

Diesel
subsitute
GenIII/III+
Jet Fuel
subsitute
PU

(1)
All_tech

(2)
nuclear

-1.100***

-0.639

(0.208)
0.121

(0.670)
-0.485

(0.126)

(0.563)

1.159***

0.992

(0.387)
2.277***

(0.563)

(3)
biofuel

(4)
wind

(6)
bioelectricity

-0.526

(5)
energy
storage
-1.442
(1.018)
0.127

(0.104)

1.234

(0.371)
0.258

(0.674)

(0.170)

(0.747)

-0.593**

-0.105
(0.650)
0.116

(0.581)

(0.650)

-1.499***
(0.270)
-0.105
(0.227)
-0.160
(0.354)

0.979

(0.491)
0.976*
(0.581)
1.197**

(7)
Solar PV

(0.584)
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SMR
all
Bioelectricity
all Biofuel
all CCS
all PV
Novel PV
Thin-film
Crystalline
Technology

Onshore
wind
Offshore
wind
Floating
offshore
ZnBr Battery
Flow battery
Li-ion Battery
Zinc Metal
Ion etc.
Alkaline
Proton
exchange
membrane
Solid oxide
electrolysis
cell

Geothermal
Natural gas

PU

1.080*
(0.581)
1.450***
(0.471)
1.842***
(0.530)
1.975***
(0.673)
1.177***
(0.305)
1.443***
(0.530)
1.319***
(0.387)
1.369***

-0.207
(0.292)
0.316
(0.480)

0.0848

(0.374)
0.274

(0.339)
-0.00719

(0.277)
0.380

(0.255)

(0.352)
0.611

-0.158

(0.581)
0.943
(0.893)
1.845**
(0.893)
1.497***
(0.382)
2.023**

(0.596)
-1.081
(1.670)
-0.724
(1.670)
-0.833
(1.502)

(0.893)
0.789
(0.893)
0.884
(0.893)
0.981
(0.893)
1.465**
(0.643)
2.296***
(0.643)
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Hybrid
Electric
Vehicle

-0.116

Solid fuel
Battery
electric
vehicle
Constant

Observations
R-squared
R-squaredadjust

(0.643)
0.549
(0.491)
2.292***

0.0384

(0.550)
-0.605**
(0.270)

0.0143
(0.487)

0.137
(0.337)

-0.410
(0.257)

(1.502)
1.761
(1.559)

0.541***
(0.0804)

0.922***
(0.287)

228
0.402
0.311

17
0.457
0.210

8
0.744
0.642

103
0.079
0.0411

16
0.442
-0.0467

5
0.916
0.888

62
0.418
0.354

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

4.3 On-line tool development
In regards to the development of the online tool itself, AU worked closely with N&S to develop
the user experience and functionalities. After some initial discussions on objectives of the tool,
N&S developed several iterations of wireframes to define the key user journeys, the layout of
the tool and required functionality. Following feedback and further discussions with AU, a final
version of wireframes was reached and can be viewed here.
From here, N&S worked on turning these wireframes in visual designs that mirror the
INNOPATHS brand style. The visual designs can be viewed here, and helped develop the
functionality of the tool further.
Following an iterative phase of web development and testing with data structures, there is now
a functional version of the tool accessible at the following URL:

http://innopaths-tm.niceandserious.com/#/
Summarizing the major activities, the following can be presented:
PU

Identifying relevant energy technologies
Elaborating technology and economic parameters
Developing the LCOE calculator
Literature review of data sources
Converting scenario data to a format compatible with TMT
Presentation (over teleconference (for AU) and in person (for UCAM) of progress in
the WP leaders meeting in Florence in February 2018.
Worked on a continuous basis to produce more than 4 versions of the online tool
Produced initial visual designs of the tool
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-

Tested and revised the tool
Developing probabilistic data from learning curves and expert elicitations
Working to design the uncertainty functionality, including visualization
User-experience design, visual design, web development of the online tool by N&S
Finished collecting scenario data
Permissions to use scenario data was requested from all of the relevant sources
The tool was tested and commented on large number of partners
Completed the comparison functionality to compare parameters and technologies
Add a “download results” functionality into .xls or .csv file
LCOE calculator functionality
Expand the database, add data on uncertainties, compare and combine the data
from different sources
Explanations of technologies and variables in the tool were added
Interactive welcome tour
Data sources were made visible
Explanations about the scenarios were added

The tool has undergone a testing phase with the Project partners. However, it has taken
longer than hoped to finalize the licensing of some of the data. In addition, we will be
conducting a fuller round of testing with project partners, advisory board members,
INNOPATHS stakeholders and additional policy contacts as appropriate. We will be
doing this over the next 12 months to further ensure accuracy and usability. This will
also work well with the timing of the underlying academic publications and should make
it possible for the tool to be available to the public by M36.
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5 Description of the Technology Matrix Tool
The aforementioned activities have resulted in the current iteration of the Technology Matrix
Tool (TMT) with a 3-level structure (sector, technology/sub-technology, parameters) with a
LCOE calculating function included.
The TMT is the main result of the activities and is highlighted below.
On loading the tool, the user is given the option to start an onboarding tutorial which details
how to use the tool, or skip straight to exploring the data (see Figure 8).
The user begins by selecting a 'Sector' from the left-hand menu, and drills down to find a specific
technology to explore. Once they've made their technology selection(s), they can then choose a
parameter from the right-hand side.
After selecting a technology and parameter a chart is rendered in the middle section of the
screen (see Figure 9). By default, the data for all available models is displayed on the chart.
Models can be toggled on and off and are currently displayed on the chart with different shapes,
denoted by the legend.
There are three types of data:
●
●
●

Combined scenario data
Uncertainty based on projections from historical trends
Uncertainty based on expert opinion

These options are displayed in tabs above the chart. If data is not available for one of these data
types then the associated button is disabled. Combined scenario data is displayed with scenarios
rendered as points and the average as a line (see Figure 9a). Uncertainty data displays the mean
as a line with range areas for the 10th-90th and 25th-75th percentiles (see Figure 9b).
The user is able to compare two different parameters for the same technology, or alternatively,
compare two technologies for the same parameter. Figure 10 shows the result of comparing
two different parameters for Solar PV: Capacity and Investment cost. If the dataset for the two
parameters have the same unit, they will both use the left-hand axis. If they have different units,
an additional axis will be added to the right-hand side (see Figure 11).
Figure 11 shows some additional features in the tool. If you hover over points on the chart, a
box appears that details the values of the data rounded to 2 significant figures with the scenario
labels. Additionally, below the chart, you can reset the filters and start again, or download the
current data. Where provided, technologies and parameters have a description which can be
viewed by clicking on the rounded i button next to the checkbox.
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(a)

(b)
Figure 8. (a) Landing screen (b) Onboarding tutorial step 1.
PU
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a)

b)
Figure 9. Selections made and chart rendered. (a) Combined scenario data (b) Uncertainty
based on projections from historical trends.
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Figure 10. Comparing two parameters for a single technology. Each parameter uses different
units so two y-axes are in use.
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(a)

(b)
Figure 11. Additional chart features including (a) the hover tooltip and reset and data
download buttons (b) technology/parameter info tooltips.
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The Combined scenario LCOE data is not supplied, but calculated in the tool. This is only possible
where a technology has data available for the following parameters: Capacity factor, investment
cost, lifetime and O&M costs. To calculate the LCOE, this data is then passed into a function with
values for discount rate (%) and fuel costs ($/kWh) which are set by the user (see Figure 12). If
the user updates these values the LCOE data will be updated in the tool.

Figure 12. Values set by the user for use in the combined scenario LCOE calculation.
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6 Future steps
The Technology Matrix Tool (TMT) has been designed to provide academics, key stakeholders,
and policy makers with an integrated tool for analyzing and synthesizing energy technologies
relevant for the transition to a low-carbon system.
The online tool includes a set of energy technologies with technical, economic, and uncertainty
values up to 2050 or even 2100 when data is available.
The prototype TMT can be found at the following link:
http://innopaths-tm.niceandserious.com/#/
(for INNOPATHS project partners and associated stakeholders only at this stage).
The TMT tool as it stands at M24 represents the deliverable outcome D1.2. as described in the
research plan of the INNOPATHS project.
As explained in the introduction, it is suggested that the opening of the tool for full public access
to be postponed till M36, by when important technicalities and legal issues have been clarified.
This will not have any influence on the progress of INNOPATHS in general.
The data and the tool are now deposited at the N&S platform site, but a few further steps need
to be clarified before the end of the project, to ensure the usefulness of the tool thereafter:
1. We will take measures to enable third parties to access, mine, exploit, reproduce and
disseminate (free of charge for any user) this research data. A Creative Commons Licenses
(CC BY or CC0) to the data will be deposited. However, prior to CCL, we need to ensure with
the data providers that the raw data used is free of access, which is still under work;
2. The research data is intended to be deposited in a research data repository. At this stage,
the data from the technologies will be downloadable from the N&S platform, but the final
research data repository will be settled separately;
3. Information of the tools available to the beneficiaries that are needed to validate the results,
e.g. specialized software or software code, algorithms and analysis protocols. At this stage
as updates may be necessary, these will be hold within the developers only as modification
may still be needed.
The rights to use the data in the tool have been obtained from all sources except IEA. Some data
originally uploaded in the prototype version of TMT had, however, to be removed from the tool
due to licensing issues, but this has not affected the overall quality of the tool.
At the general partners’ meeting in Cambridge in September 2018, the future prospects of the
tool were discussed. It was concluded that a continuous further development of the TMT after
the deliverable D1.2. at M24 would be useful to increase the life-time and usefulness of the
tool, as far too often tools fade quickly off once been launched. The task leader for Task 1.1
(AU) under which the tool has been developed agreed to continue with the updating of TMT
till the end of the project, within the present budget frame of AU.
Therefore, a set of improvements which could be incorporated in an update of TMT version 1.0
have been identified, as follows:
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Before making TMT fully open to less skilled users in the public, the clarity and easiness
of using the tool, and the limits of the data that is included in the tool, could be
increased;



A factor that may obscure the use of the tool is the source of parameter data for each
technology. Presently it may not be apparent to the user if a parameter value is from
the scenario data set, expert elicitations or from historical learning curve data (or any
combination of these). This along with the differing naming schemes in different types
of data makes navigation sometimes time consuming. These issues will be tackled in the
next update of the tool by improving how the existence of data is visualized in the tool
and by matching the naming in different data sets.



The TMT includes data from a few different regions. Currently the region is displayed in
parentheses after the parameter (no parentheses if the region is Europe). The selection
of region could be made more intuitive in the next version.



Another issue is the amount of scenario data in TMT. Some testers of the tool have felt
that the large amount of data may add complexity, but do not much improve the quality
of the data. In addition, the possibility was raised that some of the data (such as
emission estimates) included in the TMT could overlap with other up-coming
INNOPATHS online tools. This issue will be discussed with the development team to find
an appropriate compromise.



Once the licensing and proprietary issues have been settled a test round of the tool with
the stakeholders will be arranged, to collect further ideas for improvements also useful
once the tool is made open for the public (M36).
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