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Abstract

This paper aims at assessing the economic features and the environmental impact of a wooden
tower used in wind-solar renewable energy generating systems. The life cycle assessment method

and return on investment method were used in order to achieve the objectives of the study.

Two types of towers were used in the analysis: an impregnated wooden tower and an untreated one.
Besides wood, the tower is composed of steel parts. The life cycle assessment results show that the
impregnated wooden tower has a lower potential environmental impact due to increased durability
compared with the untreated one. Another important result is that steel manufacturing process and
usage of German electricity grid mix represent the hot spots of both analysed systems. The results

are sensitive regarding assumed transportation distances.

The economic assessment highlights the fact that a positive return on investment could be obtained
in cases when the wind-solar system covers at least 62% of household’s energy need. The return on
investment results are also sensitive at input variables’ values and a specific case calculation is

recommended.



Glossary of terms and abbreviations

GaBi

LCA

LCI

LCIA

ReCiPe

ALO

CC

FD

FET

FE

HT

IR

MET

ME

MD

NLT

OD

PMF

POF

TA

TET

ULO

WD

The applied Product System Modelling Software
Life Cycle Assessment

Life Cycle Inventory

Life Cycle Impact Assessment

The applied LCIA method

Agricultural land occupation [m2a]

Climate change [kg CO2 equivalents]

Fossil depletion [kg oil equivalents]

Freshwater ecotoxicity [kg 1.4 DB-equivalents]

Freshwater eutrophication [kg P equivalents]
Human toxicity [kg 1.4-DB equivalents]
Ionising radiation [kg U235 equivalents]
Marine ecotoxicity [kg 1.4-DB equivalents]
Marine eutrophication [kg N equivalents]

Metal depletion [kg Fe equivalents]

Natural land transformation [m2]

Ozone depletion [kg CFC-11 equivalents]
Particulate matter formation [kg PM10 equivalents]
Photochemical oxidant formation [kg NMVOC]
Terrestrial acidification [kg SO2 equivalents]
Terrestrial ecotoxicity [kg 1.4-DB equivalents]
Urban land occupation [m2a]

Water depletion [m3]



Table of Contents

L INEFOAUCTION 1ottt e s e st e s b e e s b et e s et e sbe e e sre e e sr e e e sanee s 1
1.1, Introduction tO INNOVENTUM ..c...iiiiiiiiiiiee et e e sre e e snee s 1
1.2 ODbjJectiVes Of the STUAY .ooiiiiiiiee e e e e e e e e s st r e e e e eeeesessssaabaareeeeeeeaesessnnnnnns 4
2. The analytical frame of the thesis and MEthod ..o 6
2.1, LifE CYCIE ASSESSMENT ..uviiiiiiiieeiiiiciitite ettt e e e e e e s sttt et e e e eeesesssaaabaaeaeeaeaeeesssaasssseseeaeaeeeeesesasssssnsrnnnaeaeaaeens 6
2.2, REEUIMN ON BNEIEY .uiiiiiiiiiii ettt e ettt e e e ettt s e e e et taa e s e e e tae b e s e eesaa s seeeeeasnaasaaesassansesaenansnnnseeeenesnnnnss 13
2.3. Return on inNVESTMENT (ROI) ..ociiiieiiiiiieeieee ettt e e et e e e e e e e e ee e taatareeereeeeeeeeeenssssraeareeeeeeeeann 14
B Y=Y o g To o TP PP OO PP PPRTRPPPPOTR 14
3. PreViOUS FESEAICR ...eeiiiiiiitee et s e s e e s e e seb et e s e e e e sree e 16
4. The Life Cycle of the WOOAEN LOWET ......eueiiiiiiiiiiic e e e e e et e e e e e e s e s s saeaeareeeees 19
4.1. The stakeholder network and the supply Chain ... 19
4.2. Dali PowerTower System deSCriPiON ......uuieiiiiiiii i e e e e e e e s st e e e e e e e e s e s sansanseneeees 20
D RESUIES ettt e st s et s e e ear e e e s re e e s reeesree e e 25
5.1, LifE CYCIE @NAIYSIS cuneeeiiiiieieiee e e e e e e e e e e e e e e e s et — e raeaeeeeenaaabrrraaeaaaeeeeeaan 25
N U= AU g g W e o I =] o T=T =AY AP PP PR PPPPPPPRR 26
5.3. Return on inVESTMENT (ROI) ..ciiiiiiiiiieieiiee ettt e et e e e e e e e e ee e aaabareeereeeeeeeeeenastsrarareeeeeeeeans 27
6. DISCUSSION . eetiiiii ittt st e s et e e s b et e e s a e e e s a et e e s s b et e e s seaba e e e e sanes 30
7. CONCIUSIONS ettt s e st se et e s b e e st e e e sab e e e s sn e e s sab e s e sar e e esmbeeesaneeesmneeesaneeenns 33
PN o] 01T 0o [ - VPP PPRRRR: 39
FAY o] 01T 0o [ = TS PPPPPTRRR: 41
Yo 01T o [ U PPPPPTRR 44

FAY o] 01T 0o [ U PPPPPTRRS 58






1. Introduction

The issue of energy production and consumption affecting the environment is more acute due to
higher targets in economic growth rates. On this background, an increased number of countries has
already started climate mitigation programmes. As people understand the amplitude of their
environmental impact, they are expected to reconsider their options for energy supply and to shift
towards renewable energy. Taking the example of past catastrophes such as typhoon Hayan in 2013,
which affected the Philippines to such an extent that even several months later the people did not
have access to electricity, it can be argued that small-scale energy producing systems should gain
more importance in a country’s climate change strategy. For this reason, it is important that
individuals are provided with information on the advantages offered by small-scale renewable
electricity production. One way of producing small-scale clean energy is by using wind turbines
that in some cases can form hybrid systems when solar panels are attached to the tower of the wind

turbine.

Throughout the previous research it can be observed that all wind turbines had the tower made out
of steel or concrete and all analysis had as case study this kind of systems. Sustainable
manufactured wood-based products become more and more requested by consumers, retailers and
even governments (Gonzales-Garcia, et al., 2011). Developed countries adopt stricter regulations
regarding the environmental impact of products during their life-time especially concerning the

ways of producing the products (Gonzales-Garcia, et al., 2011).

Nowadays there are few companies that produce the tower out of wood. One of them is
InnoVentum AB, a Scandinavian small-scale wind turbine manufacturer, founded in May 2010 with
headquarters located in Malmd. InnoVentum’s products will be further analysed from an

environmental and economic point of view.

1.1. Introduction to InnoVentum

1.1.1. History and vision

InnoVentum has as goal to provide environmental friendly solutions for renewable energy
production at household level (InnoVentum AB, 2014a). The concept of small-scale and
decentralized wind energy production started to gain shape for Sigvald Harryson, management
consultant and university professor, 7 years ago. Being a passionate sailor, he began to combine his
both interests and in year 2000 he installed solar panels on his sailboat. The energy produced was

not enough to secure independence from the shore power and while on sea again he discovered that
1



the energy produced by a small 400-watt wind turbine was enough for a modern, well-equipped 14

m sailing yacht.

In 2008 Sigvald Harryson installed a small wind turbine on his new boat and furthermore this
inspired him to establish InnoVenum. If the wind turbine was able to produce enough energy for his
boat, small-scale wind turbines could be a solution even for households. After 2 years of market

research and product performance he decided to build InnoVentum AB (InnoVentum AB, 2014b).

InnoVentum was established on the 5th of May 2010. Up till now InnoVentum has 10 installations
in Sweden and 2 outside Sweden (InnoVentum AB, 2013a).

1.1.2 The InnoVentum concept

InnoVentum is a company within the renewable energy sector. It offers both small-scale wind
turbines and hybrid solutions. The company builds the towers while the wind turbines and solar
panels are supplied by external companies. When building the towers, Innoventum uses wood from

managed forests (Daligault, 2014).

InnoVentum has 2 ranges of wind turbines and hybrid solutions: Dali range — smaller wind turbines
with a rated power between 1,5 and 3,5 kW and larger wind turbines with a rated power between 11
and 50 kW (InnoVentum AB, 2014c). Innoventum’s systems are modularized which makes it easier
to transport and assembly them. Another environmental friendly characteristic would be the fact
that some of the wooden towers are self-erecting which makes the use of trucks and cranes

unnecessary (InnoVentum AB, 2014d).

There are some other companies manufacturing wooden wind turbine towers such as TimberTower
in Germany (Timbertower, 2014) and Canadian Timber Structures (Canadian Timber Structures,
2014), but they offer big scale wind systems. Innoventum is the only small-scale wind turbine

provider who uses wooden towers (Innoventum AB, 2014e).
By using wood from human-managed forests several advantages could potentially be attained:

- CO; could be captured and stored. Wood represents a “carbon sink” because during its lifetime a

tree captures and stores CO, (CEI-BOIS, 2011).

- carbon sources could be reduced. Each cubic meter of wood saves a total of 2 tons of CO,. Every
cubic meter of wood used instead of other building materials reduces CO, emissions by an average

of 1.1 ton CO, (CEI-BOIS, 2011).

- managed forests are more efficient carbon sinks than forests which are left in a natural state. On

the one hand younger trees absorb more CO; than mature trees and in the other hand mature trees



will eventually die and rot. When rotting the stored CO, will be returned to the atmosphere. By
using wood from managed forests, the CO, could continue to be stored throughout the life of the

resulting wood product (CEI-BOIS, 2011).

Most of the towers for wind systems are produced nowadays from steel. Steel production is energy
intensive and associated with high levels of CO, emissions. The primary energy requirements to
produce 1 metric ton of stainless steel from virgin materials are 79 GJ and the production releases
5.3 tons CO;. If recycled materials are used taking into consideration the global average operations
of the stainless steel, 33% less energy is necessary and CO; emissions are 32% lower (3.6 tons). If
only scrap would be used, currently not possible due to limited scrap availability energy use would
be 67% less than virgin-based production and CO, emissions would reach 1.6 tons (Johnson, et al.,

2008). Thus high levels of CO, emissions are reached even when producing assemblies from

recycled steel.
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Figure 1. Net emissions of CO; (including carbon sink effect) from the production processes of different

materials (CEI-BOIS, 2011)

1.1.3 Wooden towers offered by InnoVentum

In order to identify and map the life cycle of the wooden towers offered by Innoventum, a good
understanding of its function and of the context the company activates in has to be reached.
Innoventum’s wooden towers have a double function: tower for the wind turbine and support for the
solar panels (see Picture 1 in Appendix A). Both functions will be considered because even though
the solar panels do not cover a big area the energy produced by them represents 15% out of the total

energy produced by the system and cannot be excluded.

Innoventum has developed different designs for wooden towers used in systems for wind and sun

energy. There are four types of towers: the Dali range with towers of 10, 12 and 16 m, the Dalifant
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which has 20 m, the tower for the Endurance - Cash Cow which has a height of 24 or 36.5 m and
the Giraffe with a height of 8 or 12 m. The hybrid solutions consist of the Dali PowerTower and the
Giraffe. The focus of this thesis will be on the Dali PowerTower, which is a Dali tower with metal

supports for the solar panels. This type of tower was chosen because it is targeting households.

All the solutions can be manufactured from two types of wood: impregnated Swedish pine or
untreated Swedish pine. The difference between these two types of raw material lies in product
durability and end of life stages. Impregnated timber pine has a higher level of durability, which
determines a service life of 50 years (Daligault, 2014) while untreated timber pine has a service life
of 20 years (Highley, 1995). The difference between end of life stages will be addressed later when

the PowerTower system will be described.
The impregnated Dali Power Tower is composed of:

e Swedish pine

e bolts
e washers
e nuts

e wood screws

e welded metal plates (feet and top metal connection - pipe to generator not included)
e metal foundation screws

o glue

e wood preservatives (Daligault, 2014).

1.2 Objectives of the study

This thesis seeks to reveal a part of the information that both individuals and policy makers need to
know when taking decisions related to small-scale energy production. According to Fleck and Huot
(2009) the information on the environmental impact is relevant in the case of small-scale wind
power because this technology aims at being an environmental friendly energy source. Besides
finding out how much environmental friendly this technology is, it is also important to understand
the return on energy and on investment associated with the implementation of this system. This
economic assessment could play a significant role in determining the accessibility of this
technology to potential users (Fleck and Huot, 2009). Therefore, this study will be based on a Life
Cycle Analysis (LCA) and a return on investment calculation for InnoVentum’s tower that is

specifically designed for households.



The paper tries to answer the following research questions:

1. What is the potential environmental impact of the impregnated wooden tower and of the

untreated wooden tower?

2. What is the return on energy for the impregnated wooden tower and for the untreated wooden

tower?

3. What is the return of investment of the complete small-scale system?



2. The analytical frame of the thesis and method

2.1. Life Cycle Assessment

The interest in tackling climate change, the acknowledgement of existing environmental impacts
and that natural resources are finite determined the development of several methodologies to assess
and quantify the environmental impact of different processes and products (Wenzel, et al., 1997).
One of these methods is the Life Cycle Assessment (LCA) which is defined as: “An assessment
method that quantifies all of the environmental consequences (i.e. on the natural environment,
human health, and natural resources) of a product or service, considering its entire life cycle” (ISO

14040 , 2006).

LCA was chosen as analytical framework of this thesis, as it provides a methodology to quantify the
environmental performance of the wooden tower by having as raw material impregnated wood and
untreated wood. The LCA methodology is used to answer the first two research questions of this

thesis:

1. What is the potential' environmental impact of the impregnated wooden tower and of the

untreated wooden tower?
2. What is the return on energy of the Dali PowerTower?

A life cycle is defined as a quantum of processes through which a product passes: extraction of raw

materials, manufacturing, transportation, packaging, use and different end of life scenarios.

An example of a product’s life cycle is illustrated in Figure 2.

Figure 2: Example of a product’s life cycle

This thesis follows the life cycle assessment methodology as presented in ISO 14040 and ISO
14044 standards and the ILCD handbook which is in its turn based on the procedure described in
the ISO 14040/14044 standards (ILCD, 2010).

" The term potential is used because an LCA doesn’t contain precise time and location where the resources

are extracted and emissions occur. The actual environmental impact cannot be obtained (Baumann and

Tillman 2004 cited in Moberg, 2010).



By using the LCA perspective the environmental performance of new materials such as wood could
be highlighted and furthermore the potential environmental impacts of wood prepared in different
ways can be compared. The opportunities of product improvement are identified as analysing the

product at different moments in its life cycle.

LCA is an appreciated research tool by many professionals in the industry field. Just as any other
tool, LCA is not hidden of criticism. The critics have brought to attention several LCA limitations.
The main limitation of any LCA is high subjectivity and uncertainty because of lack of access or
data availability, data and result interpretation as well as choice of boundaries made while
conducting an LCA. Time limitation together with other resources’ constraints, are other factors
that could influence the LCA results. This paper is characterized by all the mentioned factors since

the current study is scheduled as a Master thesis research.

The LCA methodology framework is defined as an iterative process, which consists of four phases;
1. Goal and Scope definition

2. Life Cycle Inventory analysis (LCI)

3. Life Cycle Impact Assessment (LCIA)

4. Life Cycle Interpretation (ISO 14040 2006).

The four phases of the LCA methodology are summarized in Figure 3. The iterative process is
represented by the double arrows, which express that the phases are constantly reviewed and

updated during the study.



1. Goal and Scope Definition
- intended use of the study

- functional unit -
- studied product system and its boundaries 4. Life Cycle Interpretation
- allocation procedure
- impacts to be assessed - revision of the goal and scope definition
- data quality requirements and cut-off criteria - consistency check and sensitivity
analysis are carried out to determine
whether other iterations are necessary in
» accordance with the earlier defined data
2. Life Cycle Inventory Analysis (LCI) quality requirements i
- consideration whether more specific
data for key processes and flows are
needed
- the results from the previous phases are
analysed as they pertain to the Goal and
Scope
- once a satisfactory level of
completeness has been made, conclusions
3. Life Cycle Impact Assessment (LCIA) are drawn and recommendations made

- identify processes within system boundaries
- data collection

- calculation of required inputs and outputs to
fulfill the functional unit

- the inventory data are linked to specific
environmental impacts

- evaluation of impact categories using the LCI
results

Figure 3. The four phases in an LCA study, based on the ISO 14040-14044 standards, as summarized by
Hellmann (2013)

2.1.1. The Goal and Scope of the study

The thesis uses the LCA methodology in order to investigate the environmental profile of a product,
InnoVentum’s wooden tower. The intended audience consists of university professors and students

at master level since the study represents a master thesis.

“The functional unit is the quantified performance of a product system, used as a reference unit”

(ILCD 2010 cited in Hellmann 2013:21).

The Swedish average household electricity consumption was obtained from Statistics Sweden and it
equals 12400 kWh/year (12.4 MWh/year) (SCB, 2013). The properties of the various wind turbines
and solar panels are presented in Table 2, B. The functional unit of this study is the delivery of
12400 kWh/year-produced electricity for a period of 50 years. The period of 50 years is chosen

because the life-time of the impregnated tower is 50 years according to InnoVentum.



The reference flow is defined as the needed number of wooden towers, which can be combined with
an appropriate wind turbine and solar panels giving the necessary electrical energy for a Swedish
average household during a year. Considering the fact that the analysed products have different
service lives, 50 years and 20 years, two reference flows are used. A Dali PowerTower can provide
around 9000 kWh/ year and the average Swedish electricity consumption is 12400- kWh/year, then
the functional flow for the system with a service life of 50 years will be 1.38 wooden towers. For

the other system the reference flow is 3.44 wooden towers.

The analysed environmental impacts are climate change (CC), ozone depletion (OD), terrestrial
acidification (TA), freshwater eutrophication (FE), freshwater ecotoxicity (FET), human toxicity
(HT), fossil depletion (FD), ionising radiation (IR), marine ecotoxicity (MET), marine
eutrophication (ME), metal depletion (MD), particulate matter formation (PMF), photochemical
oxidant formation (POF), terrestrial ecotoxicity (TET) and water depletion (WD).

There is one omitted impact category, natural land transformation due to data gaps and this

represents an uncertainty of the study.
2.1.2. System Boundaries and cut off criteria

In the present study two types of models were constructed. In order to evaluate the environmental
profile and to identify the influencing key parameters of the wooden tower, the entire life cycle of

the tower is modelled. Figure 4 outlines the system boundaries of the LCA for the wooden tower.

: Manufacturing Meas e 2 s
Raw material | Material : S Transport Use End of Life

extraction production Pellets Management

Waste
management

Paper,
plastic-
recycled

Figure 4. Outlining of the system boundaries of the LCA for the wooden tower (own source)



This LCA focuses on the wind-solar systems used in the Swedish market, thus the geographic
boundary is Sweden. In terms of temporal boundaries this study covers a period of 7 years. It is
believed that this time frame is enough to uncover the primary environmental effects associated
with the wind-solar system and to realistically deal with the changing nature of tower technologies.
Tower technologies do not have a rapid changing nature. The biosphere boundary is represented by
initial system inputs CO,, water, argon, and outputs such as emissions to air, water or soil. The
techno-sphere boundaries start with raw material acquisition and end with end of life management

stages.
Several cut off criteria were used in the study:

- all the parts of the system that contribute with less than 5 % to the overall weight were excluded:
packaging materials. Packaging material was not included in the model because according to the
interview information only small amounts of plastic foil and wood is used and it was assumed that

the package would weigh less than 5% of the total system mass (see Picture 2 in Appendix A).

- due to unavailable data two components of the impregnation solution, polyethyleneamine (<20%
of the impregnation solution) and organic acid (<5% of the impregnation solution) were excluded.

The liquid used for maintenance was excluded as well due to the same reason.

- due to data gaps the consumed electricity in manufacturing the nuts, bolts and screws was not

included

- transportation to customer was not taken into account since the customer can be located at
different distances from InnoVentum but sensitivity analysis was conducted related to different

transportation distances.

- the electricity for putting in place the nuts and screws was not taken into account since it has a

very low value of around 1.1 kWh.

2.1.3. Life-Cycle Inventory

Life-cycle inventory (LCI) represents the accounting of material and resource inputs and outputs for
the life cycle of a system (Kozak, 2003). The environmental burdens measured in this case study
include material input requirements, total energy consumed, air and water emissions, and total solid
wastes associated with the product’s life-cycle. The complete LCI list can be found in Table 1,

Appendix B.

LCI data was collected for individual model elements of the system. Table 1 in Appendix B
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describes the methods for collecting LCI data and presents LCI results for the product system.

The inventory data came from interviews and from the database of the used software. High quality
data are essential to make a reliable evaluation. Data for the study were collected from different
sources. The inventory data for the wooden and steel parts consist of on on-site measurements.
Other inventory data were obtained from GaBi databases. LCI data were updated with respect to the

study’s functional unit and 50-year time frame. No allocation procedure was used.
2.1.4. The Life Cycle Impact Assessment (LCIA) method

The ReCiPe Life Cycle Impact Assessment (LCIA) was used during the study. ReCiPe represents
an advanced LCIA methodology, which was engineered in order to help calculating life cycle

impact category indicators (Blaser, et al., 2012, ReCiPe 2013).

The main objective of the ReCiPe is to reduce the LCI results list in order to obtain more accurate
impact category indicators. ReCiPe returns results at two levels: midpoint level and endpoint level

(Goedkoop, et al., 2012, ReCiPe, 2014).

ReCiPe comprises two sets of impact categories with associated sets of characterisation factors.
Eighteen impact categories are addressed at the midpoint level. At the endpoint level, most of these
mid-point impact categories are further converted and aggregated into three endpoint categories.

Both mid-point and end-point categories are exemplified in Figure 5 (page 12).

Impact categories should highlight concerns of direct environmental relevance. For example, waste
1s not an impact category, but the generated effects of waste processing should be included in the

used method regarding its effects on, for example, climate change, toxicity and land-use.

The midpoint can be defined as the place where mechanisms common to several substances are
taken into account. For example, acidification comprises different steps, starting with the release of
acidifying substances and ending with impacts on ecosystems. In a certain place along this pathway
the acidifying substances have an effect on soil’s properties. This place represents the midpoint.
Other acidifying substances follow different pathways before the midpoint is reached, but after this
point they follow the same pathway. Modelling the impacts beyond the midpoint is characterized of
uncertainty (ReCiPe, 2014). Characterisation at the endpoint level models the impact on human

health, on the natural environment and on natural resources (LC-Impact, 2014).

The Society of Environmental Toxicology and Chemistry (SETAC) (Fava, et al., 1993) categorizes

three major stages of LCIA:
11



1) Classification — the process of data correlation from inventory studies to various impact

categories (e.g. ecosystem, human health, and natural resources).

2) Characterization — using specific impact assessment models in order to estimate the

qualitative and/or quantitative impact potential for every category.
3) Valuation — assigning the relative values and/or weights to impacts.

The first two stages are viewed as mandatory stages of an LCIA while valuation stage is less
developed (ISO 1996). Hence the first two stages are presented below and used in this study
(Kozak, 2003:100).

Figure 5 contains 18 different midpoint impact categories. They form together the midpoint level.
The figure summarizes the relation between the midpoint impact categories, endpoint damage

categories and the single score.

MIDPOINT IMPACT CATEGORIES ENDPOINT DAMAGE INDICATORS

OZONE DEPLETION [kg CFC-11 equivalents]

HUMAN TOXICITY [kg 1.4 DB equivalents]
IONISING RADIATION [U?* equivalents]
PHOTOCHEMICAL OXIDANT FORMATION [kg NMVOC) \

PARTICULATE MATTER FORMATION [kg PM, —//

CLIMATE CHANGE [kg CO, equivalents]

TERRESTRIAL ECOTOXICITY [kg 1.4-DB equivalents]
TERRESTRIAL ACIDIFICATION (kg SO, equivalents] \
AGRICULTURAL LAND OCCUPATION [m’a] \

URBAN LAND OCCUPATION [m?a) /””d

NATURAL LAND TRANSFORMATION [m’]

MARINE EUTROPHICATION [kg N equivalents]
MARINE ECOTOXICITY [kg 1.4 DB equivalents]
FRESHWATER EUTROPHICATION [kg P equivalents]
FRESHWATER ECOTOXICITY [kg 1.4 DB equivalents]

MINERAL RESOURCE DEPLETION [kg Fe equivalents) e

FOSSIL FUEL DEPLETION [kg oil equivalents) /

WATER DEPLETION [m®]

Figure 5. The relation between the midpoint impact categories, endpoint damage categories and single score

in ReCiPe 2008 taken from Hellmann (2013)

The high number of applied assumptions leads to increased levels of uncertainty at the endpoint
level. Another reason of uncertainty is that the environmental mechanisms are composed of a

multitude of different effects, which further are grouped in only 3 types of impacts: ecosystem,
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human health and resources (ReCiPe, 2014). The single score also known as weighted index
(Bengtsson, et al., 2012) is without dimension (Heijungs, et al., 2002). In LCA the single score is
not a mandatory element and is characterized as a process of translating the various impact

categories by individual perception of importance (ISO 14044, 2006).

In order to obtain a single value for the total environmental impact, it is pursued to weigh the
various environmental impacts relative to each other. Weighting is not mandatory and it is based on
expert panels, monetisation or so-called distance to target methods (Baumann and Tillman, 2004).
Because there is no consensus on how to perform the weighting (Finnveden, 1997) it is not
favoured by ISO 14044 (2006) “weighting, shall not be used in LCA studies intended to be used in
comparative assertions intended to be disclosed to the public”. In many cases researchers choose to
ignore this advice and offer comparisons characterized of high degree of subjectivity. This study
stops therefore before valuation and the concept of weighting will not be further developed because

it is not in the scope of this study.

2.2. Return on energy

Return on energy shows the relationship between the energy requirements over the whole life cycle
of the tower (manufacturing, installation, use and dispose) versus the electrical energy output of the

wind turbine and solar panels that can be attached to the tower.

The payback period is expressed in months and it measures the length of period in which wind-solar
system could produce the energy used during the whole life cycle of the tower. The following

equations adapted after Garrett and Rende (2012) are used:

life cycle energy requirement for the tower (M])
Energy payback (months) = - - X12 months
annual electrical energy output of the renewable energy producing system (M])

service life of the wind — solar system (months)

Ret =
eturn on energy energy payback (months)

The primary energy requirement for the whole life cycle of the tower is divided by the electrical
energy output from the wind plant in order to obtain the energy payback. This approach accounts
for the efficiency of the electricity power stations when determining the primary energy. The return
on energy offers indications on how much time the tower should be used as a component of the
whole system in order for the system to produce the energy requirements during the whole life cycle

of the tower.

13



2.3. Return on investment (ROI)

Return on investment represents the economic and time measure of the payback of the wind system.
Return on investment is a concept from the business world used for decision-making within
industrial and corporate activities. In order to measure the ROI one has to compute the benefits of
the investment and compare them with the costs generated by the investment. Both aspects are

expressed in monetary terms. The ROI can be calculated via the expression (Moonen, 2003):

Net benefits = Total benefits — Costs

2.4 Method

The study was carried out with the help of the modelling software system GaBi 6.0. Education.
GaBi is an intensively used LCA tool developed by PE international’ (PE International, 2014).
GaBi 6.0 Education includes fully functional GaBi software with an extensive database. GaBi
Databases contain more than 70 000 life cycle inventory profiles and presents the largest internally
consistent LCA databases. The metadata documentation of the data sets in GaBi Databases follows
the recommendations of the "International Reference Life Cycle Data System" (ILCD) Entry Level
Conformity Rules of the European Commission's European Platform on Life Cycle Assessment (PE

International, 2014).

The potential impacts were computed by using the Life Cycle Impact Assessment (LCIA) method.

ReCiPe 2008 was applied to calculate and analyse the investigated potential impacts.

The return on investment (ROI) calculation used in this thesis includes the following cost variables:
the amortisation of the system, annual cost of consumed energy, interest rates if money is acquired
through a bank loan, electricity prices and service costs during the lifetime of the system. The
variables forming the total benefit are: annual produced energy, received incentives, yearly savings

of electricity supply.

As an incentive for renewable energy production, Swedish Government funds up to 35% of the
investment costs for solar panels. Moreover, renewable electricity producers can register for el-

certificate (Energimyndigheten, 2014a). The el-certificate can be obtained by both private

* A working Frou in the field of Life Cycle Assessment and Life Cycle Engineering (PE
International, 2014)
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individuals and juridical entities that own a grid connected renewable energy producing system. The
certificate is calculated based on the produced electricity. For I MWh the producer receives one el-

certificate which can be sold (Energimyndigheten, 2014b).

Four ROI scenarios were modelled. An excel calculation was developed based on InnoVentum’s
return on investment mode. All the excel calculations can accessed from a public folder and its
locations is presented in the reference list under the name ROI 2014.. All the assumptions will be
presented in the results part of the thesis before each modelled scenario. The models are adapted to
Swedish market conditions. No existing return on investment models for wind turbine systems was

found and, therefore, no model comparison was possible.
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3. Previous research

Analysis conducted on wind turbines have a long history, researchers primary focusing their studies
on the return on energy, starting year 1977, (Kubiszewski, et al., 2010) and continuing with LCAs
of different wind systems or comparing wind systems with other energy sources (Price and Kendall,

2012).

Kubiszewski et al. (2010) review and synthesize 50 different analyses on net energy return’ for
electric power generation by wind turbines. In their research, they examine 119 wind turbines
ranged from 0.0003 to 7.2 MW. They distinguish between assumptions, system boundaries and
methodological approach. The average energy return on investment (EROI) for all studies is of
25.2. The result shows that in terms of return on energy wind turbines are better than fossil fuels
(EROI=8), nuclear (EROI=15.8), and solar power generation technologies (EROI=6.5)
(Kubiszewski, et al., 2010).

As acknowledged by Price and Kendall (2012) LCAs for wind turbines have one of the following
goals: comparing two sizes of wind turbine (e.g. Crawford 2009; Lee and Tzeng, 2008); comparing
wind energy to other renewable energy sources (e.g, Varun, ef al., 2009); and sensitivity analysis of
a parameter other than turbine size, such as transport distance (e.g. Tremeac and Meunier, 2009) on

life cycle performance.

The energy used in order to manufacture and use a wind turbine system is considered to be
recovered in only a number of months (Crawford, 2009). Thus the energy produced during a
lifetime of 20 years can be many times greater than the one embodied in their production. If
manufacturing the tower from alternative materials such as wood which is less energy intensive
than steel and concrete (Johnson, et al., 2008) would possibly reduce both the significance of the
environmental impact from the manufacturing stage and faster recover the energy used in the

manufacture stage.

Crawford (2009) analyses two wind turbine systems: an 850 kW wind turbine and a 3 MW wind
turbine. The foundation for the turbines is made of 480 t concrete respectively 1140 t concrete, 15 t
steel vs. 36 t steel and the tower is made of 69.07 t steel respectively 158.76 t steel. The results

show that the tower makes up the next largest proportion of the embodied energy of the large

* Energy return on investment (EROI) is the ratio of energy delivered to energy costs (Kubiszewski, et al.,
2010).
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turbine (25%). In the case of the smaller turbine, the tower reaches 18% of the embodied energy

(Crawford, 2009).

Fleck and Huot (2009) conduct a life-cycle assessment in order to compare the environmental
impacts and net-energy inputs an off-grid small wind turbine system (rated power of 400 W and a
1.17 m rotor diameter) and a single-home diesel generator system. The main analysed impacts were
emission of greenhouse gases (GHG) including CO,, methane (CH4) and nitrous oxide (N,O) over a
twenty-year period. The small-scale wind power system was highlighted as giving a considerable
environmental benefit. The wind generator system offered a 93% reduction of GHG emissions

when compared to the diesel system (Fleck and Huot, 2009).

The main contributor to the environmental impacts appears to be the production phase of the turbine
(Zhong, et al., 2011). An important issue with previous studies is that they do not take into
consideration all the life-cycle phases. According to Zhong et al. (2011) a study of 72 LCAs found
that the manufacturing phase is analysed in all of them, only 70% take into consideration the
installation phase, even a lower percentage respectively, 56% included maintenance and a very low
percentage, 19%, took into consideration the decommissioning phase. The main reason of not

including the decommissioning and disposal phase is lack of good data.

Garrett and Rende (2012) studied a Vestas 2-MW GridStreamer and included in their assessment:
raw materials, production of all parts, manufacturing (including over 100 global production
factories for casting, machining, tower production, generator production, nacelle assembly and
blades production, sales and servicing activities), transport stages, wind plant installation and
erection, servicing, replacement parts and operations, use-phase electricity generation, and end-of-
life treatment. For all life cycle stages excluding end-of-life the results show that the nacelle, tower
and site parts (primarily site cables) have the most significant impact for all impact categories.
Turbine foundation and blades have the most significant contribution. The primary contributor to
the global warming potential indicator is the manufacturing stage with the production of the tower
(25-30%), site cables (20%), nacelle (15%), blades (10-15%) and foundations (10%) (Garrett and
Rende, 2012).

No LCA studies could be found on wind systems with a wooden tower. Bolin and Smith (2011)
conducted a cradle-to-grave LCA for a (penta)-treated wooden utility pole of 14 m length and a
weight of 5956 kg. This type of pole is used for electricity distribution and transmission, and
telecommunications. The authors have mainly used data from published sources. Indicators such as

GHG, fossil fuel use, acidification, water use and ecological toxicity have lower values for penta-
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treated poles than for concrete and steel poles. The eutrophication values are almost equal for the
steel and wooden pole and higher for the concrete pole. The smog impact from penta-treated poles

is greater than the smog impact from both concrete and steel poles (Bolin and Smith, 2011).

Regarding analysis on wood, different wooden products have been the focus in several LCAs. Some
examples could be the production of wood-based products such as wood floor coverings (e.g.
Nebel, et al., 2006; Petersen and Solberg, 2003), particleboards (e.g. Rivela, et al., 2006),
hardboards (e.g. Gonzalez- Garcia et al., 2009) and related wood items such as window frames (e.g.
Asif, et al., 2002; Richter and Gugerli, 1996), walls (e.g Werner, 2001) and furniture (e.g. Taylor
and van Langenberg, 2003) (Gonzilez-Garcia, et al., 2011). In the early beginnings of
environmental impacts assessments of wooden products the focus was on energy consumption in

the production processes (Boyd, et al., 1976; Ressel, 1986 cited in Gonzalez-Garcia, et al., 2011).

The impact of different forestry systems and transport of wood could have an important
environmental impact. Therefore, it should be included in the LCAs boundaries. However, some of
the studies on production of wooden products have not analysed in detail the raw material
production or they have turned to databases in their analysis. Gonzalez-Garcia et al. (2009)
identified and compared the environmental burdens from forest operations in Sweden and Spain
focused on pulpwood production and supply to pulp mills. The results of the study showed that
logging operations and secondary hauling were the hot spots in both case studies. The Swedish case
presented lower energy requirements and lower contributions to global warming potential,

eutrophication potential and acidification impact categories.

Previous research is diverse when focusing on both wind systems and wooden products. From all
the presented studies it can be concluded that wind power systems and wooden products have a
better environmental profile than their alternatives. Moreover wind power systems present better
energy return on investment than other energy producing systems (Kubiszewski, et al, 2010).
Conducting an environmental assessment on the wooden tower for the wind-solar system is of great
relevance in this mentioned context. An important finding would be that all the studies are
characterised by uncertainty due to not taking into account certain important operations mainly

because of data gaps.
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4. The Life Cycle of the wooden tower

4.1. The stakeholder network and the supply chain

Many different actors are involved in producing, distributing and selling the parts for the
PowerTower. They all form the supply chain (Hellmann, 2013) of InnoVentum. In order to analyse
and highlight where in the life cycle and supply chain hot spots exist, the relevant stakeholders are
illustrated in Figure 6. This will allow to find out where environmental improvements could be

implemented (McAloone and Bey, 2009, Wang, et al., 2011).

Both the material and money flows are outlined in order to give a proper image on the relationship

between the stakeholders and InnoVentum.
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Figure 6. Main involved stakeholders in the network surrounding InnoVentum connected through the money

and materials flows (own source).
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4.2. Dali PowerTower System description

The Dali Power Tower system is a 12 m tall, 3-legged wooden tower with 8 photovoltaic panels (2
kWp mounted on the side and a 3.5 kW wind turbine mounted on top of the tower. The combined
wind and solar annual energy production at wind speed of 12 m/s is around 9000 kWh out of which
1900 kWh are produced by the photovoltaic panels (InnoVentum AB, 2014f). The product systems
being analysed in this study includes only the Dali PowerTower (see Picture 1, Appendix A).

As previously stated a typical LCA explores environmental impacts across several life cycle stages
such as: raw material acquisition; material processing; product manufacture and assembly; use,
maintenance; end of life management. In order to facilitate modelling, these boundaries can be
modified (Kozak, 2003). Thus, the scheme used in this study investigates six separate life cycle
stages: raw material acquisition, distribution of raw materials and products, parts manufacturing,

assembly, use and end-of-life management. Maintenance is not included due to data gaps.
Raw material acquisition

A PowerTower for a wind power system is composed of (impregnated) timber, metal parts used as
support for the solar panels, nuts, screws and washers, and bolts used for foundation. The material
acquisition and production stage include the following processes: forestry; steel manufacturing;

CO,, argon, water and lubricants acquisition.

Most of the timber further used in the manufacturing process comes from managed forests in South
of Sweden within a range of 250km (Lindqvist, 2014). Timber represents a renewable resource
from the perspective that managed forests would be able to give wood in the future. Solid wood
presents several physical and aesthetic properties that make it the most resourceful material in the
construction and furniture industry (Gindl, et al., 2003). A favourable mass/strength ratio, low
thermal conductance, biodegradability and neutral carbon dioxide balance are just few of wood’s
positive characteristics. In order to diminish negative properties such as dimensional instability with
changing moisture content, low natural durability of many species or unsatisfying mechanical
properties, controlled chemical modification is used (Gindl, et al., 2003). Moreover wood has as
environmental advantage the fact that it is extracted with relatively little energy and in the same

time it absorbs carbon dioxide through photosynthesis (PEFC, 2014).

Pine, also called redwood, is among the most common and cultivated coniferous tree in Europe and
Russia. It is used for both indoor (furniture, door and window frames and doors) and outdoor

constructions (roof constructions, fences, decks and towers). Outdoor uses are considered more
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feasible if the pine is previously impregnated. The impregnation process can use different wood
preservatives (Nordic Timber Export, 2014). In the case of Dali PowerTower, the used wood is
pressure impregnated with Tanalith E. Tanalith E is water based wood preservative. When
impregnated into the timber the preservative components bond with the wood structure and cannot
easily be removed (Lonza, 2014). Tanalith is considered better than intensively used creosote based
solutions from several health issues points of view: it doesn’t affect the skin of workers nor leach
during the service time of the wooden product (Arch Timber Protection, 2011). The timber for the

tower contains wood preservatives in value of 8.0 kg/m? sapwood (Lindqvist, 2014).

The pine timber used by Derome Triteknik is PEFC (Programme for the Endorsement of Forest
Certification) certified which is a proof that the wood comes from a sustainable managed forestry

(Derome Triteknik AB, 2014a).

The definition of sustainable forestry used by PEFC is the one adopted in 1993 within Forest
Europe 1993. The definition has been further developed with new criteria and indicators (Derome

Trateknik AB, 2014b). The definition for sustainable forest management is:

The sustainable forest management represents the management and use of forests and forest lands
in such a way, and at such a pace that their biodiversity, productivity, regeneration capacity,
vitality and ability, both now and in the future, relevant ecological, economic and social functions

at local, national and global levels is preserved, without damaging other ecosystems.”

The electricity required by the life cycle of the wooden tower is represented by the Swedish
electricity grid mix. The steel used for all the parts of the system is assumed to be 85% virgin steel
and it is produced partly in Canada and partly in Germany where is locally used in the
manufacturing of nuts, screws, washers. Information on mass and transportation distances is

presented in Table 1 in Appendix B.
Manufacturing Stage

The manufacturing phase for the PowerTower system involves several manufacturing processes:

timber manufacturing, metal parts manufacturing and bolts manufacturing.

Tower’s wooden pieces are manufactured by Derome Triteknik located in Scania region and the

* Original definition: Med uthélligt skogsbruk menas forvaltning och nyttjande av skog och skogsmark pa ett
sadant sitt, och i en sddan takt att dess biologiska mangfald, produktivitet, foryngringskapacitet, vitalitet och
formaga att bade nu och i framtiden fylla viktiga ekologiska, ekonomiska och sociala funktioner pa lokal,
nationell och global niva bevaras, utan att andra ekosystem skadas (Derome Triteknik AB, 2014b).
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impregnation plant is Woodtech located in Varberg, 19 km away from Derome. It is a fully
automatic pressure-impregnation plant. The energy used to produce one cubic meter of impregnated
wood is 0.006 MWh/m? sawn timber and it is represented by electricity grid mix of Sweden
(Lindqvist, 2014). Metal parts, bolts, washers, nuts and screws are the rest of the components of a

wooden tower.

The metal parts for the photovoltaic panels are manufactured by Hera-Metall located in Prenzlau
near Berlin, Germany. The primary materials for the manufacturing process are obtained from a
local distributor/steel manufacturer called Thyssen Krupp, located in a range of 150 km (Michaelis,
2014). The energy used in order to manufacture the metal parts is assumed to be German electricity

grid mix.

The bolts, washers, nuts and screws are provided by SWEbolt, a Swedish company located in
Jonkoping and Stockholm County. Due to data gaps the electricity used in their manufacturing is

not taken into consideration in this study.

The metal foundation screws are provided by Techno Pieux, the company that also secures the
installation of the tower. The primary material is Canadian steel, which is further transformed into
steel tubes and plates. This material is made by the Canadian steel mill King, located in Hamilton,

Ontario, Canada and delivered to:
- Acier Nova, located in LaSalle, Québec, Canada in order to manufacture the tubes

- Megantic Metal, located in Thetford Mines, Québec in order to manufacture the plates. Megantic

Metal is the regional distributor and the steel supplier of Techno Pieux (Pelletier, 2014).

The energy used in manufacturing the screws is assumed to be New Zealand’s electricity grid mix
due to data unavailability on Canadian electricity grid mix. New Zealand appeared to be closest as
electricity grid production type having around 52% of the electricity produced from hydroelectric
sources while Canada has around 58% (The World Bank, 2014). Another reason is the existence of

data on electricity grid mix for New Zealand in GaBi database.
Distribution Stage

After manufacturing, all the components are delivered to InnoVentum’s warehouse and finally to

the customer where the installation takes place.

Additional environmental burdens are associated with the production and disposal of components
packaging. The packaging for the tower consists of a wooden and carton boxes and plastic folia are
not taken into consideration because they represent less than 5% out of the total system and no data

was available.
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The components of the wooden tower are distributed from InnoVentum’s warehouse in Malmo. The
wood processed in Soderport goes directly to InnoVentum’s warehouse in Malmo and it is
transported by truck. The metal is coming from Prenzlau by road to Copenhagen and then to Malmo
by boat. Due to missing data on the boat transportation all the transport is assumed to be made by
truck. Metal screw for foundation is travelling from Canada to Techno Pieux’s warehouse, and then
goes directly to client’s site (not passing through InnoVentum’s warehouse). Boltings come from

Sweden SWEDbolt to Malmoé by truck (Daligault, 2014).
Assembly

The installation is secured by Techno Pieux. The electricity requested for welding during

installation is produced by a generator on diesel (Pelletier, 2014).

As the tower can be erected without crane, InnoVentum uses only manpower to do assembly and
erect the tower. Electricity is used to charge batteries of automatic bolt machine of 3.3 ampere hour

and it is used for 1 hour and 30 minutes (Daligault, 2014).

Use phase

During the use phase the necessary maintenance consists of applying a wood saturator every 5
years. InnoVentum recommends as saturator Textrol-Owatrol based on fish oil and it is not a
mandatory process for the impregnated tower (Daligault, 2014). For the other type of the tower it is

not known if any saturator is needed.

End of Life Stage

The decommissioning is done by using only manpower. End-of-life burdens include the

management of the wooden and metal parts composing the tower at the end of the service life.

As previously presented two models for the Dali PowerTower were developed. The first model
covers the life cycle of an impregnated tower while the second model of an untreated wooden
tower. Besides the fact that the model for the impregnated Dali Power Tower differs from the
untreated tower from the points of view of included materials and energy, it also differs from the

point of view of end-of-life management.

For both models the metal parts are managed by the municipality as waste for recovery. The
wooden parts for the untreated Power Tower are recycled by the municipality. In the case of the
impregnated Power Tower the wood is managed by the municipality. First the municipality or the
waste management company has to make an analysis to check the type of solution the wood was

impregnated with. In the case of the PowerTower because it is impregnated with a water-copper
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based solution it is not classified as hazardous waste and it can be incinerated (IVL, 2013).
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5. Results

5.1. Life cycle analysis

Impregnated Dali Power Tower

This study considers several environmental impacts to be investigated. This information is relevant
since wind turbine systems are considered environmental friendly energy sources. Diagrams for all
the impact categories can be found in Appendix C. All the results are presented at mid-point impact
level as presented in the scope of the study. The results represent the impact of 1.38 wooden towers
needed in a system able to generate the average Swedish electricity consumption at household level

in one year for a period of 50 years.

The impregnated PowerTower presents burdens in all the impact categories except freshwater
ecotoxicity where it has almost no impact. From the climate change point of view the tower has a
total impact of 1297 kg CO; eq. The extraction and processing of steel both in Canada and in
Germany are the hot spot of the entire life cycle. The electricity mix used in manufacturing the
metal parts in Germany is highlighted as hot spot in the chain. Regarding terrestrial acidification,

the manufacturing of the steel billet has highest impact, followed by the acquisition of pine log.

In categories targeting toxicity, steel again comes first followed by the German energy mix
production and argon production. Argon appears as having the biggest impact also on ozone and
water depletion and comes third in fossil depletion. The eutrophication potential of the tower is
generated mainly by the production of the steel. Neither the impregnation material, the energy used
in the impregnation process nor the waste management represents hot spots in the life cycle of the

tower.
Untreated Dali PowerTower

The results represent the impact of 3.44 untreated wooden towers needed in a system able to
generate the average Swedish electricity consumption at household level in one year for a period of
50 years. As previously stated the difference in the number of towers is due to the shorter service

life of an untreated tower.

The impact on climate change from using 3.44 untreated wooden towers is in total 3223 kg CO; eq.
where steel is the hot spot of the chain followed by the German electricity grid mix production. As
well as for the impregnated PowerTower, the manufacturing of the steel billet has highest impact on

terrestrial acidification, followed by the acquisition of pine log. For the rest of the impact
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categories, the hot spots of the untreated wooden tower are the same as for the impregnated wooden

tower.
Comparison between the two types of tower

When it comes to comparing the total of each midpoint impact category of the two Power Towers it
can be highlighted the model with untreated wood has higher possible impacts than the model with
impregnated wood. Even though the wood is impregnated, by using a smaller number of
impregnated Power Towers during a life cycle of 50 years leads to smaller impacts than the ones
generated by the untreated towers. The durability gained through impregnation makes the tower
more environmental friendly due to an increased service life. Even though the impregnation
solution contains different chemicals it is classified as new generation solution and it does not make
the wood environmentally dangerous. Therefore it is easier to be managed as waste and incinerated

in normal conditions in order to produce energy.

5.2. Return on energy

The calculation of the return on energy is made in the following way:

life cycle energy requirement for the tower (in MJ)
annual electrical energy output of the renewable energy producing system (in MJ)

X 12 months

Energy payback (months) =

service life of the wind — solar system (months)

Ret =
eturn on energy energy payback (months)

In the case of the impregnated Power Tower the energy payback equals:

E back ( th)—28503'41MJX12 ths = 10.56 th
nergy payoac montns) = 32400M] montns = . montns

An energy payback of 10.56 months may be interpreted that using the impregnated wooden tower
as support for the wind turbine and solar panels will generate a payback period of minimum 10.56
months for the entire system. This is the minimum payback period because energy requirements for
the wind turbine and solar panels will add to the energy requirements of the tower while the

electrical output will remain the same.

In the case of the untreated Power Tower the energy payback equals:

E back ( th)—28341'36M]X12 ths = 10.49 th
nergy payoac montns) = 324—00M] montns = . montns
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The energy payback of the untreated tower is almost the same as the one of the impregnated Power
Tower. This highlights the fact that wood impregnation does not have a big impact on the return on

energy.

The interpretation of the return on energy of the system during its service life is not possible
because the energy used in the life cycle of the other components is not known. It can be stated that

the entire system can give maximum 57 times more energy than it consumed over its life cycle.

5.3. Return on investment (ROI)

Four scenarios of return on investment have been modeled: a scenario in which the wind-solar
system receives subsidy from the Government in form of el-certificates/investment support and the
power plant generates the maximum level of electricity according to its specifications, a scenario
where no el-certificates/investment support are received and the maximum generated electricity
level is used, a third model with el-certificates/investment support received and with a lower level
of electricity generated by the plant and a final model with no el-certificates/investment support

and lower produced electricity level.

All the input data for the ROI computation can be found in Appendix D. The price used in
computations is the one for the impregnated tower system because the untreated wooden system
was not produced until now and no price is known. The average electricity consumption at

household level has the same value as the one used in the life cycle analysis, 12 400 kWh/year.

Table 1. Types of scenarios

Scenario 1.  El-certificate/governmental | Scenario 2. No el-certificate/governmental

support + maximum level of generated

electricity (9000 kWh/year)

support + maximum level of generated

electricity (9000 kWh/year)

Scenario 3.  El-certificate/governmental
support + lower level of generated electricity

(7000 kWh/year)

Scenario 4. No el-certificate/governmental
support + lower level of generated electricity

(7000 kWh/year)
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Table 2. Summary electricity production vs. consumption at household level (%)

Scenario 1 73%
Scenario 2 73%
Scenario 3 56%
Scenario 4 56%

Table 3. Summary Accumulated net after 20 years (SEK)

Scenario 1 245 903
Scenario 2 65 956
Scenario 3 149 525
Scenario 4 -37 500

Table 4. Summary Average electricity price if electricity comes from the grid vs from private

production
o Average electricity price Average electricity price Average electricity
Electricity . ' ' '
‘ from the grid over 20 from wind-solar system prices according to
price, SEK )
years over 20 years way of consumption
Scenario 1 1.99 1.39 1.56
Scenario 2 1.99 1.39 1.56
Scenario 3 1.99 1.79 1.88
Scenario 4 1.99 1.79 1.88

In both scenario 1 and 2 as presented in Table 1, the electricity generated by the system covers 73%
of used electricity by a household (Table 2). The wind-solar system produces electricity at a price of
1.39 SEK/kWh (see table 4). Because the system covers only 73% of household’s electricity
consumption and the grid price has an average value of 1.99 SEK/kWh (see Table 4) the final price
paid by the household is 1.56 SEK/kWh. Table 3 summarises the return on investment at the end of
system’s service life. As it can be seen the return on investment is 245 903 SEK in scenario 1, and

65 956 SEK in scenario 2.

In the other two scenarios (3 and 4 from Table 1) the electricity generated by the system covers

56% of household’s consumption (Table 2). The wind-solar system produces electricity at a price of
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1.79 SEK/kWh thus the final price paid by the household would be 1.88 SEK/kWh (Table 4). The
return on investment at the end of system’s service life is 149 525 SEK in scenario 3, respectively -

37 500 SEK in scenario 4 (Table 3).

The first 3 scenarios give positive net return on investment while scenario 4 gives a negative result.
Several other scenarios with different electricity production levels where tested in order to see at
which limit the results become positive. The scenario in which the system covers 62% of the
consumed electricity gives a net result of 3.23 SEK. Therefore it can be argued that the system is

profitable from an economic point of view if it covers at least 62% of the electricity need.

29



6. Discussion

The life cycle assessment on the two wooden towers highlights common hot spots of the models.
The hot spots are represented by the steel billet production, German electricity grid mix and argon
production. For some impact categories such as terrestrial acidification, pine log acquisition
generates the second biggest potential impact after steel production. Impregnated wood appears to
be a better option due to increased durability compared with the untreated wooden tower during a

service life of 50 years.

Even though the life cycle assessment approach is widely used it is also characterized by criticism.
When interpreting the value of different impact categories for the wooden tower the assumptions
made during modelling the life cycle and the data quality of the model should be taken into
consideration. When modelling, different cut-off criteria were taken into account in order to
simplify the model and being able to represent it. For example the transportation to the customer
was not included in the model therefore sensitivity analysis was conducted on possible

transportation distances.

Assuming that a customer lives 600 km away from InnoVentum’s warehouse the system’s total
impact on climate change would increase with 79 kg CO, eq. Another changed impact category
would be particulate matter formation and photochemical oxidant formation where the impact of

transportation appears as hot spot in the life cycle.

Steel production appeared as having the biggest impact in almost all impact categories.
Approximate 50% of the steel used for manufacturing the components of the PowerTower is
produced in Canada and it is associated with long distances and big transportation truck. If the
distance would be decreased to only 500 km within Canada the climate change impact would
decrease with 19 kg CO, eq. It can be argued that transportation is an important part of the model

and if not taken into consideration in a correct way then the obtained impact could vary.

The fact that different parts that contribute with less than 5% at the overall weight were excluded
can also make the result vary. Data gaps on the two components of the impregnation solution,
especially polyethyleneamine, which represents around 20% of the impregnation solution, could
have a big impact on the model results. Model assumptions on used electricity for steel production
and manufacturing in Canada take into account the electricity grid mix from New Zeeland as it is
similar to the Canadian one. A reliability issue of the LCA results could come from the use of

substitutes because even though they resemble they do not have the same value as the one needed in
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the model and thus the results could be impacted. Another uncertainty could arise from not
including the maintenance process due to data gaps regarding the maintenance solution. This
uncertainty does not have a big impact on the total results especially because it is not a mandatory
process. By substituting the Swedish forestry with the German one as it was obtained from the
database, the results could be impacted. The impact of different forestry system and transport of

wood could have an important environmental impact (Gonzalez-Garcia et al., 2009).

The LCA results refer to a reference flow of more than one wooden tower. The fact that the system
targets households led to a functional unit correlated with 12 400 kWh/year and therefore to a
reference flow higher than 1 wooden tower because the system can produce only around 9000
kWh/year. Assuming that more than 1 wooden tower is necessary for a system producing 12 400
kWh can also impact the results. If a tower can in fact hold a bigger wind turbine, which produces

enough energy to sustain a household than the impact would have a lower value.

This study could have several expected values for Innoventum. It can enable consumers to make an
informed decision on which energy producing system to choose. When somebody wants an
environmental friendly product can become sceptical towards impregnated materials. This study
highlights the fact that if the impregnation solution has a specific composition could make the
product more environmental friendly than an untreated one especially because of increased

durability.

The study provides industry with an analysis that evaluates the life-cycle impacts of a wooden
tower. Manufacturers and distributors of wind turbines could complement their products with
InnoVentum’s wooden towers. The analysis could assist manufacturers in evaluating alternative
products and processes that reduce the risk to human health and the environment. In the same time
the study provides guidance for improving the design of the tower by highlighting the hot spots and
provides specific data for communicating the environmental benefits of wooden towers to clients

and consumers.

The study provides an academic reference for evaluating the wooden tower and perhaps helps
InnoVentum in obtaining the necessary approvals for future installations. It also represents a basis
for developing regulatory and economic instruments that encourage wind and solar electricity

production.

When compared with previous studies, the results show similar finding as the one of Gonzalez-
Garcia et al. (2009). Pine log acquisition is a possible hot spot in the life cycle of the wooden

products. Comparison with other studies is hard to be undertaken due to differences in analysed
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products and system boundaries. In order to compare the results the models should be developed

under similar assumptions and conditions.

The return on energy calculation is characterized by subjectivity and uncertainty as it uses LCA’s
results. Crawford (2009) too finds that the energy used in order to manufacture and use a wind
turbine system is considered to be recovered in only a number of months. The comparison is not
totally valid since it is not recommended to compare the results with those from other studies,

which used different assumptions and boundaries.

The return on investment calculation is based on different assumptions such as maximum generated
electricity at a wind speed of 12 m/s or lower level of generated electricity, average electricity
consumption at household level and loaned amount. For a more accurate calculation all the input
variables should be specific for the household that wants to install such a system. For example
variables such as household positioning, wind speed in the region, if the money invested are from
personal savings or loaned, if the system is grid connected or not, consumed electricity level by the
household should be household characteristic. Nevertheless the result obtained in scenario 5 can be
used as threshold. If the potential user of the system does not rely on governmental subventions
then the system should cover at least 62% of the needed electricity in order to reach a positive

return on investment in a 20 years period.

Regarding the estimated electricity price, the results highlight the fact that the average electricity

price from the wind-solar system becomes lower than the average electricity price from the grid.

What it is important to consider when thinking about procuring such a system is not only the
expected return on investment but also the environmental profile of the product and the energy
security that it offers. For instance when the system is off-grid it offers energy independence in case
of grid collapse. From the point of view of the solar panels, the tower offers increased security in

cases of fire because they are easier to be accessed than when installed on the roof.

32



7. Conclusions

As resulted from this study the impregnated wooden tower is a better solution than the untreated
one. Because of the type of impregnation solution the end of life management does not imply
careful handling of the wood. The wood is not managed as dangerous material in Sweden and
therefore it can be used in incineration with other materials or products. It could be of interest to
assess the end of life management in other countries as well, in case the procedure of dealing with

this type of wood is different.

Relevant and important future research would be on comparing the potential environmental impact,
return on energy and on investment of the impregnated wooden tower with its alternatives: steel and
concrete tower. As concluded by Bolin and Smith (2011), wood appears as having a more
environmental friendly profile than its alternatives so it would be of importance to see if in this case
the result is the same. The environmental analysis comparison should be complemented by an
economic comparison as well. More accurate data on what type of steel is used in the
manufacturing process, if virgin or recycled steel should be obtained if engaging in this type of

exercise especially if comparing the results with the ones of a steel tower.

The minimum energy payback is around 10 months for both types of wooden towers while the
maximum return on energy is around 57 times the energy invested in manufacturing the
tower/system. An actual figure on the return on energy cannot be obtained because other

components of the system were not taken into account.

The return on investment calculations show how important the input data is. Variation in used
variables could lead to very different return on investment results. Even though the return on
investment is not really an economic gain in certain scenarios other aspects such as environmental
profile and security should be taken into account. Many times these cannot be quantified as having
an objective economic value but in many cases people and other stakeholders could see them as

being more important than the generated economic value.

Considering the fact that no other studies were conducted on wooden towers for renewable energy
systems this study could be regarded as a first step in environmental and economic assessments.
Models with different boundaries should be further analysed in order to possibly reveal other results

or in case of similar results to reinforce the findings of the present study.
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Appendix A.

Picture 1. The Dali PowerTower (source: InnoVentum AB, 2013b)
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Picture 2. Packaging for an off-grid Dali Power Tower (source: Daligault, 2014)
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Appendix B.

Table 1. Inventory for the Dali PowerTower (registered in GaBi)

Inventory Dali PowerTower

Input Source/Country of Quantity | Assumption | Quantity data
process source
Pine log Raw material 1590 kg | Due to Case specific-
extraction from unavailable | Derome Triteknik
managed forests- data for interview
Germany instead of wood
Sweden extraction in
Sweden, the
process from
Germany
was used
Steel billet for Raw material 100 kg Case specific-
photovoltaics support extraction and Herra Metall
manufacturing of steel interview
from 15% steel scrap,
rest is virgin steel-
Germany
Steel billet for Raw material 242 kg A mix of Case specific-
foundation extraction and 15% steel Techno Pieux
manufacturing of steel scrap with interview
from 15% steel scrap, 85% virgin
rest is virgin steel - steel was
Germany instead of assumed in
Canada the model
Gasoline for installation | Gasoline mix 3.29kg Case specific-
machinery (regular) -EU-27 Techno Pieux
interview
Cutting and drilling Lubricants at refinery- | 4.62 kg US data was | Case specific-
lubricant for foundation | (US) used as a Techno Pieux
pieces subsitute for | interview
Canadian
data
Process water for steel Europe 0.115 kg Case specific-
manufacturing Techno Pieux
interview
Argon liquid Raw material 72.7 kg Case specific-
extraction -Germany Techno Pieux
interview
Carbon dioxide US 2.99 kg Case specific-
Techno Pieux
interview
02 (3%) = 1,681 (not Case specific-
requested for extension Techno Pieux
R3) interview
Boric acid 1.2 kg Literature
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Diethanolamine 4.8 kg Literature
Propiconazole 0.12 kg Literature
Copper carbonate 492 kg Literature
Surfactants 1.2 kg Literature
Tebuconazole 0.12 kg Literature
Water 5.64 kg Literature
Polyethyleneamine N/A 4.8 kg Literature
Organic acid N/A 1.2 kg Literature
Steel billet for Raw material 80 kg Case specific-
Bolts/washers/nuts/wood | extraction and InnoVentum
SCrews manufacturing of steel interview
from 15% steel scrap,
rest is virgin steel-
Germany
Electricity for N/A N/A N/A
manufacturing
bolts/washers etc
Electricity for Electricity grid mix- 17.04 MJ | Because no Case specific-
manufacturing New Zeeland data was Techno Pieux
foundation available for | interview
electricity
grid mix in
Canada, it
was
substituted
with the most
similar grid
mix in the
world, the
one of New
Zeeland
Electricity for Electricity grid mix- 36 MJ Case specific-
manufacturing wooden Sweden Derome Triteknik
parts interview
Electricity for Electricity grid mix- 450 MJ Case specific-
manufacturing metal Germany Herra Metall
support for PV interview
Electricity for Electricity grid mix- 64.8 MJ Case specific-
impregnation Sweden Derome Triteknik
interview
Electricity for 5 amper Case specific-
installation hour InnoVentum
interview
Transportation of US diesel mix 1699 km Case specific-

foundation parts by truck
Euro, 3 34-40 tons

Techno Pieux
interview
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Transportation of metal | EU-27 diesel mix 1000 km Case specific-

and wooden parts by Herra Metall and

truck Euro 3, 20-26 tons InnoVentum
interview

Transportation of EU-27 diesel mix 19 km Case specific-

wooden parts after Derome Trateknik

impregnation by truck interview

Euro 3, 20-26 tons

Transportation to N/A N/A N/A

customer

A very small amount of Case specific-

packaging material Herra Metall

(paper, plastic foil)/ few interview and

steel remains of the InnoVentum

manufacturing interview

Maintenance solution N/A N/A N/A

Table 2. Technical Specifications Dali PowerTower

‘6

Technical

Specifications

Dali PowerTower

URBAN LIFESTYLE

Rated output, wind turbine 1,75 kW at 13,5 mfe 1,5 kW at 10 mfz
Rotor diamster, wind turbine 15m 30m
Markefiskt, 8 solpansler 2,0kWp 2,0 kWp
f;"n:fmg::w' stome 3190 kWh 6040 kWh
Grid connsction 220V-50Hz 220V-50Hz
Available off-grid No Yoo
T Eal
Building permizzion (Sweden) Not required Not requirsed

1

(Source: InnoVentum AB, 2014f)
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3,0kW at 12mje
30m

2.0kWp

5 400 kWh
48 V DC oft-gnid
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Triangular,
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PERFORMANCE
35kWat 12m/s
405m
2,0kWp

9 190 kwh

220V-50Hz

Yes

Triangular,
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Appendix C.

Diagrams level 1. Comparison impregnated PowerTower and untreated PowerTower
Legend: Power Tower= impregnated Power Tower

Power Tower recycling=untreated Power Tower
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Water depletion

1,701.29

Water depletion [m3]
3
S
o
|

Pow er Tow er recycling

Pow er Tow er

Diagrams level 2. Potential environmental impacts of the impregnated PowerTower

Climate change

| 1,206.9

S

=)

o

H

[\

o

(@)

o 1,000.0— ‘ i

=

2 1 49(?.04 485.73

& 500.0—

<

g 0.0— *_

O Total DE: Argon (liquid) PE DE: BF Steel billet / sla... Rest
DE: Blectricity grid mix ... DE: BF Steel billet / sla... GLO: Truck PE <u-so>

Terrestrial acidification

1.632 1.617

155 .097

Total DE: Argon (liquid) PE DE: BF Steel billet / slab... Rest
DE: Electricity grid mix (... DE: BF Steel billet / slab... DE: Pine log w ith bark (...

Terrestrial acidification [kg SO2 eq]

46



Freshwater eutrophication

0.126e-3 0.127e-3

Total DE: Argon (liquid) PE DE: BF Steel billet / sla... Rest
DE: Hectricity grid mix ... DE: BF Steel billet / sla... DE: Pine log with bark (...

Freshwater eutrophication [kg P eq]
w
[

Ozone depletion

0.035e-7 0.061e-7

*—

Total DE: Argon (liquid) PE DE: BF Steel billet / sla... Rest
DE: Hectricity grid mix ... DE: BF Steel billet / sla... DE: Pine log with bark (...

Ozone depletion [kg CFC-11 eq]

Fossil depletion

T
o)
%
o
=
c
K]
°
o
o)
o°
ﬁ
%)
o
[
Total DE: Argon (liquid) PE DE: BF Steel billet / slab... Rest
DE: Hlectricity grid mix (... DE: BF Steel billet / slab... EU-27: Diesel mix at refi...

Freshwater ecotoxicity

067

-.248

Total DE: Argon (liquid) PE DE: BF Steel billet / slab ... Rest
DE: Hectricity grid mix (... DE: BF Steel billet / slab ... SE: Impregnated timber ...

Freshwater ecotoxicity [kg 1,4-DB eq]

47



Human toxicity

=
()

o | 601474
a

2 400 298220 295604

c 100—| 2,946 1.713 1.194 1.787

©
IS
2 I
Total DE: Argon (liquid) PE DE: BF Steel billet / slab... Rest
DE: Electricity grid mix (... DE: BF Steel billet / slab... DE: Pine log w ith bark (...

lonising radiation

427.28

N
o
T

168,813

41.236

lonising radiation [kg U235 eq]
8
T

Total SE: Hlectricity grid mix (... DE: BF Steel billet / slab... Rest
DE: Hectricity grid mix (... DE: Argon (liquid) PE DE: BF Steel billet / slab...

Marine ecotoxicity

055

Marine ecotoxicity [kg 1,4-DB eq]

Total DE: Argon (liquid) PE DE: BF Steel billet / slab ... Rest
DE: Hectricity grid mix (... DE: BF Steel billet / slab ... EU-27: Diesel mix at refi...

Marine eutrophication

1.124

03
|

Total DE: Argon (liquid) PE DE: BF Steel billet / slab ... Rest
DE: Hectricity grid mix (... DE: BF Steel billet / slab ... DE: Pine log w ith bark (...

Marine eutrophication [kg N-Equiv.]

48



Metal depletion [kg Fe eq]

Terrestrial ecotoxicity [kg 1,4-DB eq]
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Water depletion

= -
é —
= -
-2 600.0—
o _
© 400.0—
©
$ 500.0— 104.71 103.79 95,62
= -

0.0 *_*_

Total DE: Argon (liquid) PE DE: BF Steel billet / slab... Rest
DE: Bectricity grid mix (... SE: Eectricity grid mix (... DE: BF Steel billet / slab...

Diagrams level 3. Potential environmental impacts of the untreated PowerTower
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Human toxicity [kg 1,4-DB eq]
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Metal depletion [kg Fe eq]
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Appendix D.

Table 1. Electricity prices for different types of customers, average value

Ore/kWh excluding taxes
[Jan IJan IJan IJan lJan lJan lJan IJan Av.  Av.  Av  Av Av Av  Av  Av Av

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Apartment 282 292 290 27,1 258 270 356 519 488 485 653 640 791 791 849 933 837
Villa without el-heat 26,7 27,6 268 263 234 242 31,6 471 435 421 589 575 724 723 777 853 756
Villa with el-heat 247 259 251 244 218 225 296 447 408 39,1 557 543 692 691 742 815 717

Table 2. Annual price increase rate

|6 year trend |0 year trend 8 yeartrend 5 yeartrend
Apartment 8% 10% 8% 6%
Villa without el-heat 8% 119 8% 6%
Villa with el-heat 8% I'19% 9% 6%

Source: SCB (2014)

Scenario 1

Return on investment
Performance Dali Power Tower : +8 solar panels (2 kW or 1900 kWh) - 12 m/s -
governmental support for investment in solar panels 35% and el-certifcate

INPUT DATA
Investment cost (SEK) 180.000
Own investment (%) 20%
Invested amount from own saving (SEK) 36.000
Invested amount from bank loan (SEK) 144.000
Average loan interest fee (%) 4,1%
Funding period (year) 15
Annual amortisement 9.600
Governmental support for solar panels 63.000
Support for investment (year) 2
Annual electricity consumption (kWh) 12.400
Annual electricity production (kWh) 9.000
Electricity price/kWh (SEK) 1,08
Estimated electricity price increase (%) 6%
Elcertificate (SEK/ kWh) 0,23
Total electricity price year 1 1,31
Service 1.000
Estimated annual service increase (%) 3%
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SUMMARY

Electricity production vs consumption % 73%
Accumulated netto after 20 years, SEK 245.903
Average electricity price from the grid over 20 years 1,99
Average electricity price from wind-solar system over 20 years 1,39
Average electricity prices according to way of consumption 1,56

Return on investment graph Scenario 1
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Scenario 2

Return on investment
Performance Dali Power Tower : +8 solar panels (2kW or 1900kwh) - 12 m/s - without
governmental support for investment in solar panels and el-certificate

INPUT DATA
Investment cost (SEK) 180.000
Own investment (%) 20%
Invested amount from own saving (SEK) 36.000
Invested amount from bank loan (SEK) 144.000
Average loan interest fee (%) 4,1%
Funding period (year) 15
Annual amortisement 9.600
Governmental support for solar panels 0
Support for investment (year) 2
Annual electricity consumption (kWh) 12.400
Annual electricity production (kWh) 9.000
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Electricity price/kWh (SEK)

1,08

Estimated electricity price increase (%)

6%

Elcertificate (SEK/ kWh)

0,00

Total electricity price year 1

1,08

Service

1.000

Estimated annual service increase (%)

3%

SUMMARY

Electricity production vs consumption % 73%
Accumulated netto after 20 years, SEK 65.957

ELECTRICITY PRICE (SEK)

Average electricity price from the grid over 20 years 1,99
Average electricity price from wind-solar system over 20 years 1,39
Average electricity prices according to way of consumption 1,56

Return on investment graph Scenario 2
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Scenario 3

Return on investment

Performance Dali Power Tower : +8 solar panels (2kW or 1900kwh) - less generated
electricity - governmental support for investment in solar panels 35% and el-certificate

INPUT DATA
Investment cost (SEK) 180.000
Own investment (%) 20%
Invested amount from own saving (SEK) 36.000
Invested amount from bank loan (SEK) 144.000
Average loan interest fee (%) 4,1%

60




Funding period (year) 15
Annual amortisement 9.600
Governmental support for solar panels 63.000
Support for investment (year) 2
Annual electricity consumption (kWh) 12.400
Annual electricity production (kWh) 7.000
Electricity price/kWh (SEK) 1,08
Estimated electricity price increase (%) 6%
Elcertificate (SEK/ kWh) 0,23
Total electricity price year 1 1,31
Service 1.000
Estimated annual service increase (%) 3%

SUMMARY

Electricity production vs consumption % 56%
Accumulated netto after 20 years, SEK 149.525
Average electricity price from the grid over 20 years 1,99
Average electricity price from wind-solar system over 20 years 1,79
Average electricity prices according to way of consumption 1,88

Return on investment graph Scenario 3
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Scenario 4

Return on investment

Performance Dali Power Tower : +8 solar panels (2kW or 1900kwh) - less generated
energy- without governmental support for investment in solar panels and el-certificate

INPUT DATA
Investment cost (SEK) 180.000
Own investment (%) 20%
Invested amount from own saving (SEK) 36.000
Invested amount from bank loan (SEK) 144.000
Average loan interest fee (%) 4,1%
Funding period (year) 15
Annual amortisement 9.600
Governmental support for solar panels 0
Support for investment (year) 2
Annual electricity consumption (kWh) 12.400
Annual electricity production (kWh) 7.000
Electricity price/kWh (SEK) 1,08
Estimated electricity price increase (%) 6%
El-certificate (SEK/ kWh) 0,00
Total electricity price year 1 1,08
Service 1.000
Estimated annual service increase (%) 3%

SUMMARY

Electricity production vs. consumption %

56%

Accumulated net after 20 years, SEK

-37.500

ELECTRICITY PRICE (SEK)

Average electricity price from the grid over 20 years 1,99
Average electricity price from wind-solar system over 20 years 1,79
Average electricity prices according to way of consumption 1,88




Return on investment graph Scenario 4
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Scenario 5

Return on investment

Year

Performance Dali Power Tower : +8 solar panels (2kW or 1900kwh) -7 725 kWh/year
generated electricity - without governmental support for investment in solar panels and

el-certificate

INPUT DATA
Investment cost (SEK) 180.000
Own investment (%) 20%
Invested amount from own saving (SEK) 36.000
Invested amount from bank loan (SEK) 144.000
Average loan interest fee (%) 4,1%
Funding period (year) 15
Annual amortisement 9.600
Governmental support for solar panels 0
Support for investment (year) 2
Annual electricity consumption (kWh) 12.400
Annual electricity production (kWh) 7.725
Electricity price/kWh (SEK) 1,08
Estimated electricity price increase (%) 6%
Elcertificate (SEK/ kWh) 0,00
Total electricity price year 1 1,08
Service 1.000
Estimated annual service increase (%) 3%
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SUMMARY

Electricity production vs consumption % 62%
Accumulated netto after 20 years, SEK 3

ELECTRICITY PRICE (SEK)

Average electricity price from the grid over 20 years 1,99
Average electricity price from wind-solar system over 20 years 1,62
Average electricity prices according to way of consumption 1,76

Return on investment graph Scenario 5.
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