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Abstract: In search of sustainable business models, product innovation must fulfil a double objective:
the new product must have a higher (market) value, and at the same time a lower eco-burden. To
achieve this objective, it is an imperative that the value, the total costs of ownership, and the eco-burden
of a product are analysed at the beginning of the design process (idea generation and concept
development). The design approach that supports such a design objective, is called Eco-efficient Value
Creation (EVC). This approach is characterised by a two-dimensional representation: the eco-burden
at the y-axis and the costs or the value at the x-axis. The value is either the Willingness to Pay or
the market price. The eco-burden is expressed in eco-costs, a monetised single indicator in LCA (Life
Cycle Assessment): an app for IOS and Android, and excel look-up tables at the internet, enable
quick assessment of eco-costs. A practical example is given: the design of a new concept of domestic
street lighting system for the city of Rotterdam. This new concept results in a considerable reduction
of carbon footprint and eco-costs, and shows the benefits for the municipality and for the residents,
resulting in a viable business case.

Keywords: street lighting system; TCO; EVR; EVC; eco-efficient value creation; eco-costs

1. Introduction

1.1. The Issue: Progress in Sustainable Product Innovation, and Circular Business Models

There is a general concern about the increasing concentration of greenhouse gases in our
atmosphere, materials scarcity, degradation of biodiversity, the plastic soup in the oceans, and many
other pollutants like fine dust and NOx. As politicians set stricter targets (Kyoto protocol, Paris
Agreement), and citizens become more and more aware of the severe consequences, business people
realise that they should innovate their products and services. New business proposals must have
a double objective: the new product must have a higher customer value, and at the same time a lower
eco-burden. The higher customer value is needed to make the introduction of the product at the market
a success, without the need for state subsidies.

The fact is that sustainable product innovation and introduction of circular business models is not
easy. Although circular business models became a hype in Western Europe after the introduction of
the Cradle-to-Cradle philosophy [1], and the business aspects of it [2,3], real successful implementations
are rather limited [4–7] for many commercial business reasons. In addition, the environmental gains of
circular business models are often much lower than it is suggested, especially with regard to the shift
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to services [8]. White et al. [9] (p. 1) writes about services: “It is clear that the simplest and most optimistic
view—a service economy is inherently clean economy—is insufficient and incorrect. Instead, the service economy
is better characterized as a value-added layer resting upon a material-intensive, industrial economy”. Tukker [10]
has drawn a similar conclusion on Product Service Systems (PSS) after the comprehensive SusProNet
study: PSS did not bring the enormous change that was hoped for. PSS might support new business
models, but are not the solution as such. White et al. conclude that, even though growth in services
might be less environmentally damaging than growth in manufacturing: “If services are to produce
a greener economy, it will be because they change the ways in which products are made, used and disposed of—or
because services, in some cases, supplant products altogether” [8] (p. 1). Therefore, one of the crucial aspects
of the innovative design of sustainable products or services is that people will buy it and use it (instead
of unsustainable alternatives). That is why we focus in this paper on value creation in the fuzzy front
end of the design process, since that is the moment where the real sustainable innovation can take
place. It is the moment for designers to contemplate radically different product or service systems, e.g.,
identifying ‘functional result’ alternatives [9]. In user-centred design, value creation for the customer is
the main aim [11]. In Ecodesign, sustainability is the main aim [12]. However, in sustainable product
innovation we need a combination of both [13], where value creation and sustainability go hand in
hand, and where the classical contradiction between ecology and economy is being reconciled in
a clever way. Only LCA (Life Cycle Assessment) can reveal to what extent a new design of a product
chain is better in terms of sustainability. A practical issue in design is that the classical LCA method
is too laborious and complex to be doable in the early design stages. The result is that, especially in
the early design stages, the aspect of sustainability is only dealt with on a qualitative ‘gut feeling’ basis,
often leading to wrong conclusions. The LCA is then done (if at all) when the detailed design is ready.
At that stage, however, it is too late for drastic changes, resulting in a product design that is far from
the optimum. In eco-efficient value creation, this issue has been solved in a practical way by tools for
‘Fast Track LCA’, enabling the assessment of the environmental impacts of multiple design concepts in
a quick way.

1.2. The Challenge: A Sustainable Street Lighting System for the City of Rotterdam

This paper presents the results of a practical case of eco-efficient value creation. It is the design of
a street lighting system for a typical city in Western Europe: the city of Rotterdam.

Public street lighting has a major influence on safety [14,15], the perception of safety, and in
general the atmosphere in the street. The municipality of Rotterdam has the desire to create a pleasant
atmosphere in the city during both day and night by street lighting systems. An additional aspect
of well-being in cities is the local presence of nature, i.e., trees [16,17]. So lighting and trees are both
important aspects of the value for the citizens. However, in the conventional design of street lighting
systems, there is a conflict below the ground: the roots of the trees interfere with the power cables, see
Figure 1. This conflict causes difficulties during installation, maintenance and operation as well as
end-of-life, which all lead to higher costs for the application of street lighting systems.

The underground conflict between tree roots and power cables can be solved in two different
ways: (1) find other ways to create residential green, e.g., with plant boxes; or (2) redesign public street
lighting. Within the first direction many solutions can be found, however, that is not the scope of this
paper. To find acceptable solutions for the second direction is not easy. Since 1800, the lamppost has
looked the same: a light source on a pole. Other forms such as hanging street lighting with hanging
power cables above the ground are generally not regarded as desirable.

From the point of view of sustainability, the system requirement is obvious: the design must
combine LED lighting with local PV cells as the source for the required electricity. Replacing the classic
lamps by LED lamps is easy. Where to place the PV cells is less easy: (1) PV cells above the street will
require expensive construction; (2) PV cells on the roof are a logical choice, but why would the owner
of the building allow the municipality to attach the PV cells?



Energies 2020, 13, 3351 3 of 19
Energies 2020, 13, x FOR PEER REVIEW 3 of 18 

 

 

Figure 1. Conflict between residential street lighting systems and trees: the power cables are 
entangled in the roots. 

The design of a new street lighting system has to fulfil three value aspects for the 3 stakeholders: 
(1) the requirement of streetlights in combination with trees, which is the value for the citizens; (2) it 
must be affordable (not too expensive) for the municipality; (3) it must resolve the issue “what is in 
it for me?” for the house owner with regard to the PV cells. At the same time, the new system must 
have a (much) lower eco-burden score in LCA compared to the classical system of Figure 1. 

2. The Methods 

2.1. The Eco-Costs, a Monetized Single Indicator in LCA 

The assessment of the eco-burden of a system is done by LCA. An important issue here is the 
choice of the indicator that is used for benchmarking. Such a benchmarking indicator can be a so 
called midpoint indicator (e.g., greenhouse gas, acidification, eutrification, fine dust, human toxicity, 
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The solution is to apply a so called endpoint indicator, which combines all midpoint indicators 
in one single score (i.e., damage based indicators like ReCiPe [18] and Ecological Footprint [19], both 
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generally acknowledged that single score systems are needed in LCA benchmarking. A well-
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Figure 1. Conflict between residential street lighting systems and trees: the power cables are entangled
in the roots.

The design of a new street lighting system has to fulfil three value aspects for the 3 stakeholders:
(1) the requirement of streetlights in combination with trees, which is the value for the citizens; (2) it
must be affordable (not too expensive) for the municipality; (3) it must resolve the issue “what is in it
for me?” for the house owner with regard to the PV cells. At the same time, the new system must have
a (much) lower eco-burden score in LCA compared to the classical system of Figure 1.

2. The Methods

2.1. The Eco-Costs, a Monetized Single Indicator in LCA

The assessment of the eco-burden of a system is done by LCA. An important issue here is
the choice of the indicator that is used for benchmarking. Such a benchmarking indicator can be a so
called midpoint indicator (e.g., greenhouse gas, acidification, eutrification, fine dust, human toxicity,
ecotoxicity), but the issue here is that every indicator leads to its own optimum choice in product design.
A well-known example is the engineering of the Volkswagen diesel: by focusing on CO2 emissions
only, and ignoring the consequences for NOx emissions, the strategic decisions of the company lead to
losses of several billion euros.

The solution is to apply a so called endpoint indicator, which combines all midpoint indicators in
one single score (i.e., damage based indicators like ReCiPe [18] and Ecological Footprint [19], both in
‘points’, or monetized scores like EPS [20] and eco-costs [21]). There is no single truth in single endpoint
indicator systems, since such a system reflects a set of values and assumptions, but it is generally
acknowledged that single score systems are needed in LCA benchmarking. A well-documented
scientific single indicator system is always better than a set of many midpoint scores of which one or
two are selected on the basis of a personal, subjective point of view [22,23].

It is useful to select a monetised single indicator in LCA, since it is related to the concept of ‘external
costs’ (i.e., environmental costs to our society that are not included in the current product costs) and
thus enables the comparison with the costs and the market value of the design. In the scientific literature
there are two operational monetized systems that are widely applied in LCA: EPS 2015 (a damage-based
indicator) [20] and Eco-costs 2017 (a prevention-based indicator) [21]. The advantage of monetized
systems is that they do not suffer from the inaccuracies of the normalisation and weighting steps.

For the street lighting system study in Rotterdam, the eco-costs was selected as a monetised single
indicator, since it is the most comprehensive system in terms of midpoints, see Figure 2, and it is
the most applied system in science as well as design engineering.
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within their own ‘midpoint’ groups (i.e., climate change, eco-toxicity, acidification, fine dust, 
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Figure 2. The total eco-cost system in life-cycle assessment.

The eco-costs system has been developed in the period 1999–2002 [24–26] and updated in 2007,
2012 and 2017 [27]. The system is in compliance with ISO 14008 [28]. A further description of
the monetisation factors can be found in [29].

The way the total eco-costs of a system like street lighting are calculated, is explained by Figure 3.
The first step in LCA is to determine the so called Life Cycle Inventory (LCI) list of all polluting
emissions (CO2, SO2, NOx, fine dust, etcetera) and all required resources (metals, energy carriers,
water, land). The system delivers a product or service as output (in this case light), and comprises a lot
of subsystems and processes (in this case the lampposts, the cables, the light bulbs, the installation
processes, and the end-of-life processes). All these subsystems and processes need material, transport
and energy (electricity and heat) as input.

Energies 2020, 13, x FOR PEER REVIEW 4 of 18 

 

 
Figure 2. The total eco-cost system in life-cycle assessment. 

The eco-costs system has been developed in the period 1999–2002 [24–26] and updated in 2007, 
2012 and 2017 [27]. The system is in compliance with ISO 14008 [28]. A further description of the 
monetisation factors can be found in [29]. 

The way the total eco-costs of a system like street lighting are calculated, is explained by Figure 
3. The first step in LCA is to determine the so called Life Cycle Inventory (LCI) list of all polluting 
emissions (CO2, SO2, NOx, fine dust, etcetera) and all required resources (metals, energy carriers, 
water, land). The system delivers a product or service as output (in this case light), and comprises a 
lot of subsystems and processes (in this case the lampposts, the cables, the light bulbs, the installation 
processes, and the end-of-life processes). All these subsystems and processes need material, transport 
and energy (electricity and heat) as input. 

 

Figure 3. The system components of Life Cycle Assessment. 

The second step in LCA is called the Life Cycle Impact Assessment (LCIA). The goal of this step 
is to provide a practical interpretation of the long list of emissions and required resources of Figure 
3. According to ISO 14044 [30], this is done via the calculation structure of Figure 2. The substances 
of the list are classified in terms of their effect, multiplied by characterisation factors, and added up 
within their own ‘midpoint’ groups (i.e., climate change, eco-toxicity, acidification, fine dust, 
carcinogens, etcetera). Then the midpoint groups are combined to ‘endpoints’ (so called Areas of 

Figure 3. The system components of Life Cycle Assessment.

The second step in LCA is called the Life Cycle Impact Assessment (LCIA). The goal of this step is
to provide a practical interpretation of the long list of emissions and required resources of Figure 3.
According to ISO 14044 [30], this is done via the calculation structure of Figure 2. The substances of
the list are classified in terms of their effect, multiplied by characterisation factors, and added up within
their own ‘midpoint’ groups (i.e., climate change, eco-toxicity, acidification, fine dust, carcinogens,
etcetera). Then the midpoint groups are combined to ‘endpoints’ (so called Areas of Protection) after
either a monetisation step (e.g., eco-costs), or by ‘normalisation’ (e.g., ‘points’ in the ReCiPe system).
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In the case of monetisation, the ’endpoints’ can be added up to a total end-score, in our case eco-costs.
(Non-monetised systems need an extra step to weight the relative importance of the points of the Areas
of Protection).

LCA calculations can be made either with special software (e.g., Simapro, Gabi, Open LCA), or by
means of look-up tables in excel. These tables are available for eco-costs of pure emissions, but also for
the aggregated eco-costs at the level of materials (metals, plastics, wood etc.), manufacturing processes
(deep drawing, turning, welding, extrusion, coating etc.), components (lamp bulbs, printed circuit
boards, PV panels), transport, energy, and end-of-life processes [31]. These look-up tables have been
calculated with the use of formal LCI databases, and enable a simplification of the final LCA calculation
(without losing accuracy) in a way that is quite similar to cost accounting in projects (multiplying
quantities with its eco-costs scores of supplies and processes, and adding it up to the total eco-costs).
An example of such an LCA is given in Table 1. The table provides output data (in eco-costs and in
CO2 equivalent) for one classical lamppost (type ‘Kegeltop’ on a 4 m pole). Note that the calculations
in Section 3 (Results) show data per year, under the assumption that the lifespan of a lamppost is 40
years, and per street, under the assumption that a street has 100 lampposts.
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Table 1. An example of an excel LCA table, based on the BOM (bulk of materials) of the base case of a classical lamppost in a street (type ‘Kegeltop’ on a 4 m pole, per
lamppost).

Unit Amount
for 1 FU LCI Database Line Eco-Costs Per

Unit CO2e Per Unit Eco-Costs Per
FU CO2e Per FU

kg 3.52 Aluminium trade mix (45% prim 55% sec) 2.12 6.26 7.5 22.0
kg 34.93 Steel (21% sec = market mix average) 0.60 1.61 20.8 56.2
kg 2.10 Polyester (unsaturated) 70% 2.04 7.46 4.3 15.7
kg 0.90 Glass fibre 30% 0.10 0.48 0.1 0.4
kg 1.78 PC pellets 2.05 7.78 3.7 13.9
kg 0.07 Copper trade mix (56% prim 44% sec) 2.70 1.82 0.2 0.1
kg 0.31 PP pellets 1.05 1.97 0.3 0.6
kg 0.04 ABS pellets 50% 1.32 3.40 0.1 0.1
kg 0.04 PC pellets 50% 2.05 7.78 0.1 0.3
kg 1.50 Glass, uncoated 0.22 0.98 0.3 1.5
kg 0.08 PWB desktop, including components and Ics 60.71 160.41 4.9 12.8
m 16.60 Electric cord, 1000 W, 3 × 0.5 mm2, domestic 0.07 0.14 1.2 2.3
kg 0.06 Crude iron 0.42 1.51 0.0 0.1
kg 0.002 Silicon 2.21 10.59 0.0 0.0
kg 0.07 67SiCr5, spring-steel 0.77 1.85 0.1 0.1
kg 0.55 X5CrNi18 (Stainless steel 304) 2.66 3.85 1.5 2.1
kg 0.41 PVC 0.702 2.006 0.3 0.8

Material supplies 45 129

Production processes

kg 34.00 Drawing of pipe, steel 0.170 0.360 5.8 12.2
m2 10.25 Electroplating Zinc, outside use, per 10 years 5.479 2.974 56.2 30.5
m2 2.56 Powder coating, steel/RER S 1.105 4.570 2.8 11.7
kg 5.43 Injection molding plastics 0.264 1.333 1.4 7.2
kg 2.02 Casting, aluminium 0.018 0.157 0.0 0.3
kg 1.50 Cold transforming Al 0.019 0.104 0.0 0.2
kg 0.99 Deep drawing steel 0.065 0.316 0.1 0.3

Manufacturing processes 66 62

Material supplies + manufacturing processes
excluding transport and installation 112 192
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2.2. The Model of the Eco-Costs/Value Ratio

The basic idea of the model of the Eco-costs / Value Ratio (EVR) is to link the value chain of
Porter [32], to the ecological product chain. In the value chain, the added value (in terms of money)
and the added costs (from Life Cycle Costing, LCC) are determined for each step of the product chain,
cradle-to-grave. Similarly, the ecological impact of each step in the product chain is expressed in terms
of money, the eco-costs. See Figure 4.Energies 2020, 13, x FOR PEER REVIEW 6 of 18 
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The theory of Porter, and so Figure 4, deals with the manufacturing of (physical) products for
end-users (consumers). In a slightly more complex form, this theory can also describe the ‘profit
pool’ [34] of a circular business model, or a service, since industrial services are bundles of products
that deliver a function to the end-user. Street lighting is an example of such a service: its main function
is light at night to provide safety, delivered by a bundle of products and services (lampposts, electricity,
and maintenance). It is important here to realise that the value (of a product or service) for an individual
buyer is not equal to the market price. The value is the Customer Perceived Value (CPV) [35–37], also
called Willingness to Pay. The relationship between the costs, the price and the CPV is depicted in
Figure 5.
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Figure 5. The costs, the price, and the Customer Perceived Value (CPV) of a product.

In our free market economy, the costs should be lower than the price, to support the profit of
the company without subsidies. On the other hand, a product can only be marketed successfully when
the CPV is higher than the market price, since people tend to buy things only when the perceived
value for them is higher than the price they have to pay. The CPV can be defined as the benefit (utility
plus joy) that is expected after the purchase. We call the difference between the price and the CPV
the Surplus Value for the individual buyer. In the free market economy, the (market) price is set
at a level that attracts sufficient buyers in order to reach an economy of scale that keeps the costs
low enough.
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For a municipality, costs and price are the same (red dotted lines in Figure 5), because they do not
have the goal of making profit. However, the surplus value (for its citizens) must be positive, otherwise
a project will not be accepted by the public.

In fact, the EVR model entails multiple dimensions. However, to show the build-up of the product
in the chain, it is better in most cases to display only two dimensions at a time (see the figures in
Sections 3.1 and 3.2 as an example for the base case of streetlighting) to avoid complex 3-D charts:
the eco-costs at the y-axis, and one of the financial dimensions at the x-axis.

Under the assumption that most of the households spend in their life what they earn in their
life (the bank savings ratio is <5% in most countries), the total EVR of the spending of households
is the key towards sustainability. Only when this total EVR of the spending is consistently lowered,
the eco-costs related to the total spending will be reduced (even at a higher level of spending). This
issue is explained by a short macro-economic analysis on what happens in the European Union.
Figure 6 shows the EVR (= eco-costs/price) on the Y-axis as a function of the cumulative expenditures of
all products and services of all citizens in the EU25 on the X-axis. The data is derived from the EIPRO
study of the European Commission (EIPRO = environmental impact of products) [38].
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The area underneath the curve is proportional to the total eco-costs of the EU25. Basically, there
are two strategies to reduce the area under the curve:

• force industry to reduce the eco-costs of their products (this will shift the curve downward);
• try to reduce expenditures of consumers in the high end of the curve, by attractive offerings at

the low end of the curve (this will shift the middle part of the curve to the right).

The question is now how designers and engineers can contribute to this required shift towards
sustainability. Key is product innovation that fulfils the double objective of a higher CPV, and at
the same time a lower eco-burden. To achieve this objective, it is an imperative that the designer must
look at the CPV as well as the eco-costs at the beginning of the design process (i.e., idea generation and
concept development). Eco-efficient Value Creation is a structured design method to achieve this.

2.3. Eco-Efficient Value Creation

In search of sustainable business models, product innovation must fulfil the double objective of
eco-efficiency [39–41]. To achieve this objective, it is an imperative that the value, the total costs of
ownership, and the eco-burden of a product are analysed at the beginning of the design process (idea
generation and concept development).
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The successful design options for Eco-efficient Value Creation are:

• to increase value where value is high (more quality, service, life span, and image);
• to decrease the eco-costs where the eco-costs are high (a shift to bio-based materials, recycling and

renewable energy).

End-of-life solutions are important as well. Landfill reduces the value of the total system, and
leads to higher eco-costs. Recycling (as well as re-use and remanufacturing) results in an added value
combined with lower eco-costs (‘end-of-life credits’ in LCA).

A comprehensive checklist on the reduction of eco-costs is provided by the LiDS Wheel of
Eco-Design [12], but the real issue of eco-efficient value creation is how to enhance the Customer
Perceived Value of a green product at the same time. Mestre [13] studied the eco-efficient value creation
with cork as bio-based material, and described the basic principles for the fuzzy front end of the design,
see Figure 7, where, according to Mestre, “it is the talent of the designer that creates the value of
the product” (page 13). In fact, sometimes a bit more eco-costs must be allowed to enhance the value
considerably, leading to a better EVR score of the design.
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Figure 7 clearly shows that the transformation towards a circular economy fulfils the double
obligation of eco-efficient value creation. However, it also shows that designing a sustainable circular
system needs to address more than circularity only: other aspects such as clean production, minimum
transport and optimal marketing play an important role as well. To assess the environmental aspects
(eco-costs), LCA is an indispensable tool throughout all stages of product development, see Figure 8.
However, the classical LCA approach is only doable at the final detailed design stage, because it is too
laborious [42]. To enable LCA-based materials selection in the fuzzy front end of idea generation, excel
look-up tables [31] and an app for IOS and Android have been developed [43]. A special version of
this app can make Fast Track LCAs, to optimize the design in the concept development phase (e.g., to
analyse the trade-off of choices on materials, transport distances, and required energies).
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The approach of eco-efficient value creation can be characterised by 6 sequential steps:

Stpe 1 Life Cycle Thinking: At the start of the design process, the basic questions on circular design
are whether or not the product must be suitable for easy repair, takeback + remanufacturing,
or takeback + recycling of the materials. Note that circular designs are not always realistic in
practice (because of long life times, high costs of return transport to the factory, low quantities,
high remanufacturing costs, governmental regulations etc.). So Life Cycle Thinking must
comprise many aspects that are on a higher level than the product chain itself [45].

Step 2 Functional requirements, and possible add-ons to enhance the CPV: Establish the ‘musts’ and
the ‘wants’ in terms of functionalities, and in terms of enhancing the CPV [46].

Step 3 Idea generation and materials selection: The designer might be inspired by biomimicry,
nature-inspired design, bio-inspired design, C2C, and other philosophies and design tools [47].
Since the choice of materials plays a governing role in this design stage [48], the LCA-based
Idemat app for materials selection (specially developed to support eco-efficient value design)
might be applied [43].

Step 4 Concept development and design optimisation: This is a highly iterative process as depicted
in Figure 7.

Step 5 Detailed design with a final product LCA and with sourcing of components (materials): This
is the stage of the classical LCA, to find the environmental the hotspots of the final design.

Step 6 Selection of suppliers: At the stage of sourcing of the components and materials, LCA should
be applied to select the preferred suppliers.

3. Results: Example of the Design of a Street Lighting System

3.1. Base Case: the EVR of a Traditional Design in the City of Rotterdam

The base case for the design is the currently dominant existing system. The chosen lamppost for
this base case is the “Kegeltop”, on a 4 m aluminium pole. This luminaire is one of the most used ones
in residential streets in the Netherlands and is a well-known design.

The Functional Unit (FU) of the analysis is: (1) one street, 1200 × 20 m (2) one year with a light
level according to regulations (minimum of 3 lux at street level and a uniformity rate of at least 25%).
The life span of a lamp post system is set to 40 years. The life span of PV cells is assumed to be 20 years.

The Total Costs of Ownership (TCO) of the base case comprises:

• Manufacturing and installation costs. These costs include the purchasing costs of the pole and
luminaire and the working hours and administration costs of the installation process. Creating
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a grid connection, digging for cables and the pole are expensive: about 55% of the installing costs.
Purchasing the pole and luminaire is the other 45%.

• Technical management. This is mainly related to maintenance work, such as: replace light bulbs,
repair electronics and cable failures (after accidents), clean luminaires.

• Administrative management. These costs are related to desk work. Examples are: office expenses
and taxes, inspections of luminaries and processing of the inspection reports.

• Energy consumption. This is based on the most used light source for residential streets: 36 W PL
fluorescent lamps. The yearly operating time of a single light bulb is 4200 h. In addition, some
taxes are included in the energy consumption costs.

• End of life. These are the costs for the removal tax of a pole and luminaire, and the removal costs
of the current grid connection.

The TCO of the base case is depicted in Figure 9.
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The eco-costs of lighting system is depicted in Figure 10. Not all issues of the TCO have relevant
eco-costs: administration and technical management consist out of labour, which is usually not part
of an LCA. Maintenance does require some car kilometres to be driven, but that can be neglected
in the LCA. The eco-costs of the energy consumption are highest together with the eco-costs of
manufacturing. The eco-costs of the End of Life phase are negative since the material of the pole
(aluminium) is reused in the circular business model of the contractor.
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The costs, which represent the value, and eco-costs are plotted against each other in Figure 11.
This graph shows which life cycle steps are most harmful for the environment and which steps are
most expensive. The EVR ratio is highest after the manufacturing phase followed by the energy
consumption, installation phase and technical and administration management.
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From this graph it can be concluded where improvements should be made. The ‘manufacturing’
and ‘energy consumption’ phase cause the biggest rise in eco-costs, so it makes sense to focus on these
issues to reduce eco-costs in the design process. Costs can be saved mainly in ‘installation’, ‘energy
consumption’, and ‘technical and administration management’.

3.2. The Design of the New System

At the idea generation phase of the design, several ways were investigated to fulfil the functional
requirements. This is the phase where designers look at all kinds of materials (look and feel [48],
recycled or bio-based, shapes (Nature-Inspired Design) [47], and systems (C2C, Life Cycle Thinking).
Designers focus on maximum value for the stakeholders. User groups are asked for their preferences.
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The eco-burden of concepts at the idea generation phase are normally dealt with by gut feeling,
however, this gut feeling is often not fully in line with the reality of LCA. Since the eco-costs of materials
weigh heavy in the total eco-costs of the manufacturing of physical products, the LCA-based materials
selection app [43] has been developed to give guidance to the designer. When transport and/or energy
in the use phase is important, the LightLCA version of the app is required. With the aid of such an app,
the environmental aspects of the design are readily available “at your finger tip”, so that the designer
can focus on the most important aspect of the design at this stage: the creation of value.

In the case of the street lighting system in Rotterdam, the Customer Perceived Value relative to
the base case was tested in a small user group for five design concepts: (1) surrounding light attached
to the walls of the houses; (2) bamboo posts; (3) Arc light hanging above the street; (4) lamps attached
to trees; (5) rooftop-mounted lamps. The rooftop-mounted lamps, see Figure 12, scored the best. A
comparison with the base case is shown in Figure 13.
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Figure 13. The rooftop lighting system (without PV cell) compared to the base case (one street one
year).

An important design issue of Figure 12 is the equal distribution of light, which is a major aspect of
the perceived value of street lighting. Shades of shadow cause feelings of unsafety. The combination
with trees in the street requires special attention in the system design.

Interesting observations in Figure 13 are: (1) the production costs of the rooftop system are not
lower that the production costs of the lamp post system, however, the installation costs are lower; (2)
the eco-costs of the rooftop system are considerably lower; (3) the replacement of the PL fluorescent
lamps by LED results in less electricity (less costs as well as eco-costs); note that these savings could
have been realised with a new lamp post system as well; (4) the benefit of the new system compared to
the old system might be used to compensate the house-owner (in this case a housing association) for
using the roof.

At a later moment in this project, in the concept development stage, the rooftop-mounted lamps
were combined with one PV cell on the roof, a logical system extension in regard to sustainability.
The comparison of such a system with the bases case is shown in Figure 14.
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Figure 14. The rooftop lighting system, with one PV cell, compared to the base case.

In the EVR approach, the cost savings of the PV cell (the delivered electricity) is depicted in an
extra line at the end of the curve: line 7 + 8. This line has the same slope as line 4, since they are
both electricity. At the end of line 7, the amount of electricity that is used by the lamp, is delivered by
the PV cell. Line 8 depicts the overproduction of the PV cell. An interesting issue of Figure 15 is how to
divide the benefit of a lower Total Costs of Ownership of the new system (compared to the base case)
between the house-owner and the resident of the building (to compensate for the extra burden caused
by the municipality). Such a division is arbitrary, and will result from negotiations, but the point
between line 7 and line 8 might be a logical choice: the benefit for the resident is the overproduction of
the PV cell.
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installation costs. 
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It is obvious that the owner of the building, in this case a housing association, might take
the opportunity of installing extra PV cells. That is kept outside this analysis, but is shown in Figure 15:
the first prototype of a set of 2 PV cells plus lamp. This prototype has been redesigned for a test pilot
in the Marconistraat 43 in Rotterdam (an industrial area). The test pilot is still operational.
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4. Discussion and Conclusions

This project of street lighting systems reveals two important issues:

• The sustainable innovation is not necessarily found in the application of radically new technologies,
products or services. Sustainable innovation is the way in which existing technologies, products
and services constitute a new sustainable product-service system with a viable business model
that adds value to all the three stakeholders: (1) the municipality, by more value for the same costs;
(2) the citizens in the street, by adding safety at night in combination with the trees in the street;
(3) the owner and/or residents of the building, by reducing the costs of electricity.

• the chosen solution actually has potentially a spin-off effect that might become even more important
than the system itself: the design concept inspires end-users to place additional, privately owned,
solar panels on their roofs, alongside the solar panel of the municipality. Note that this is a very
cost-effective way, since the installation of extra panels hardly adds to the installation costs.

Fossil Energy-saving systems (e.g., insulation, heat pumps, windmills, PV cells), have
the characteristic that the TCO is less than the investment costs. In the EVR charts, this is characterised
by a line with a negative slope, since there are savings in eco-costs as well as costs (see Figure 14).
These savings are developing over time. After the pay-back period of the system, the extra cost savings
will have a rebound effect [49], since these savings will result in other expenditures (e.g., on cars or
holidays). When the EVR of such an expenditure is more than the EVR of the savings, the net result is
negative for the environment. When the EVR of the expenditure is less than the EVR of the savings,
the net result for the environment is positive [49]. The net result of energy savings has, therefore,
a behaviour aspect.

Products for consumer markets must have a surplus value at the moment of purchase, whereas in
cases of non-profit organisations, the non-profit organisation has an intermediate position between
the stakeholders that pay for the project, and the stakeholders that benefit from the project. As
a consequence, eco-efficient value creation for non-profit organisations like a municipality, has two
distinct project phases: (1) the choice of the system concept, and the trade-offs between the value (in
this case the CPV of the citizens), the eco-burden, and the costs (TCO), are done prior to the start of
the implementation project, leading to a budgetary TCO limit. (2) after the project approval, this TCO
limit will restrict the further design freedom, however, the approach of eco-efficient value creation still
continues for designing further details: creating maximum value at minimum eco-costs. The same
situation exists for big infrastructural projects and building design.

The design of a new concept of domestic street lighting system for the city of Rotterdam is
a practical example of the approach of Eco-efficient Value Creation. The new concept results in
a considerable reduction of carbon footprint and eco-costs, shows the benefits for the municipality and
for the residents, and results in a viable business case. The end-result might seem logical and obvious,
as it is the case for many good innovations. For all parties that were involved in the design, however, it
was clear that such an achievement was the result of the well-structured design process in combination
with the establishment of the CPV and eco-costs for several design alternatives in the early design
stages (see Supplementary Materials). The design project won the Future Ideas Thesis Competition.

Supplementary Materials: https://www.ecocostsvalue.com/EVR/img/references%20ecocosts/Nine%20Klaassen%
20Report.pdf and https://www.ecocostsvalue.com/EVR/img/references%20ecocosts/Nine%20Klaassen%
20Appendices.pdf.
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