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Abstract 
Energy efficiency in buildings is a key objective of nowadays policies. To achieve this goal, three 
main strategies can be implemented: modify users’ behavior, implement passive measures and 
implement active measures. Those strategies and the reduction of the energy consumption 
during the use phase imply both, an initial investment and an environmental impact. The 
equilibrium between them and their efficiency benefits should be evaluated in advance to any 
intervention. The present work implements a passive measure, an insulation layer in the building 
envelope, as example. Mathematical programming and multi-objective optimization methodology 
is used on a building-like cubicle, which energy consumption has been evaluated combining 
EneryPlus and JEPlus software. Polyurethane and seven commercial and experimental bio-
based thermal insulation materials are compared. The cost and the environmental impact 
associated to each solution have been quantified using the life cycle assessment methodology. 
The results show that bio-based materials can reduce the cost and the environmental impact 
compared to conventional insulating materials. In our study, hemp offered the most balanced 
solution, achieving a reduction of 14% and 36% in cost and environmental impact respectively 
for the climate in Lleida. 
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1 INTRODUCTION 
Intervention in existing buildings is one of the important 
ways to achieve the challenges to reduce the GHG 
emissions by 80% of their emissions levels of 1990 for 
2050.  

Buildings insulation has proven to reduce the energy 
consumption of buildings, reducing the cost and the 
environmental impact associated to the energy 
generation and consumption during the life-span of the 
building. Nevertheless, it should not be forgotten that 
this implementation has also a cost and an 
environmental impact associated to the installation, 
dismantling and disposal of this materials [1,2].  

Nowadays, scientific community is getting interest in 
innovative solutions to improve the insulation 
materials, which vary from improving the thermal 
properties [3] to the reduction of the environmental 
impact of the materials [4]. This approach focuses on 
the last aspect, as the performance of seven bio-based 
materials is analysed. Despite natural materials 
present a reduction of the environmental impact; their 
economic cost might compromise them as feasible 

solutions. For that reason, and to reduce the polemics 
associated, an optimization of those materials 
compared with conventional ones is performed. 

Optimization algorithms represent a useful tool to find 
optimal solutions. Different methodologies have been 
used to optimize specially the energy consumption and 
the cost [5–7]. In our study, seven bio-based materials 
are evaluated with a Pareto based multi-objective 
optimization. 

2 METHODOLOGY 
2.1 Cubicle description 

The model corresponds to an experimental cubicle 
built in Lleida, with a volume of 2.44 × 2.55 × 2.44m, 
and one window in the south façade of 0.8 × 1.2m. The 
construction profile is shown in Fig. 1.  

This cubicle was built in SketchUp [8] and OpenStudio 
plug-in [9], and was simulated with EnergyPlus [10] as 
the calculation engine. The thermal performance of the 
building was evaluated with the Conduction Transfer 
Function (CFT). 
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The following hypotheses have been applied to 
simplify the model:  

• The climate conditions of the base simulation 
correspond to Lleida, Spain. 

• The set point for temperature conditions of the 
cubicle follows ISO 7730 [11]. 

• A reversible heat pump supplies the energy for 
heating and cooling with a COP of 3. The air 
exchange rate fluctuates between 2 and 5 L/s 
depending on the heating and cooling air 
supplied. 

• No internal gains have been considered (the 
cubicle is not occupied). 

• The infiltration is considered to be 0.12 air 
renovations per hour. 

• A life-span of 20 years has been considered for 
the cubicle. 

• The electricity cost is 0.22€/kWh with an annual 
increment of 5%, which is the price of the 
electricity mix of Spain in 2015. 

• The thickness of the insulation is the same in the 
entire envelope [12].  

• No thermal bridges have been considered. 

 

Fig. 1: Envelope components of the sections of wall 
and roof 

The construction material properties have been taken 
from the Spanish Building Code (CTE) [13] or ITEC 
[14]. For materials which are not included in the 
databases, the properties were retrieved from 
commercial products [15–17]or were determined 
experimentally [18]. 

2.2 Model variations 

To evaluate the performance of these materials, two 
different envelope configurations have been 
considered: insulation inside the air gap or at the 
interior of the surface of the wall. Furthermore, those 
envelopes have been studied in three different climate 
conditions, continental (Lleida, Spain), humid tropic 
(Porto Velho, Brazil) and dry tropic (Ouagadougou, 
Burkina Faso), in order to verify their performance in 
different climate conditions. 

The set points of each climate condition have been 
fixed following the ISO 7730. For a continental climate, 
two different pairs of lower and upper set points were 
used, 20-24ºC and 22-26ºC for winter and summer, 
respectively. On the other hand, both tropic climates 
have a unique set point for the whole year, 22-26ºC. 

2.3 Model functions 

Cost assessment 

To determine the economic indicator, the total cost has 
been calculated including the cost of the construction 
(Costcub (€)), which includes the materials and the 

insulating material of the solutions, and the electricity 
for heating and cooling the cubicle for 20 years 
(Costelect). 𝐶𝑜𝑠𝑡𝐶𝑢𝑏 = ∑ 𝑃𝑟𝑖𝑐𝑒𝑚𝑎𝑡·𝑛 · 𝑚𝑚𝑎𝑡·𝑛𝑛  + 𝑃𝑟𝑖𝑐𝑒𝑖𝑛𝑠 · 𝑚𝑖𝑛𝑠 

𝐶𝑜𝑠𝑡𝑒𝑙𝑒𝑐𝑡 = ∑ 𝑃𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐𝑡𝑚 · 𝑘𝑊ℎ𝑒𝑙𝑒𝑐𝑡 · (1 + 𝑖)𝑚 𝐶𝑜𝑠𝑡𝑡𝑜𝑡𝑎𝑙 =  𝐶𝑜𝑠𝑡𝐶𝑢𝑏 + 𝐶𝑜𝑠𝑡𝑒𝑙𝑒𝑐𝑡 
The total cost of the cubicle’s material was quantified 
in 940€ in previous researches [19], the electricity price 
corresponds to 0.22 €/kWh with an increment of 5% 
per year.  

Environmental impact 

To determine the total environmental impact, the 
ReCiPe indicator was used. This indicator includes 17 
different impacts aggregated in 3 different damage 
categories and translated into points with 
normalizations and weighting factors. To calculate the 
environmental impact, the total impact of the 
construction, which has been evaluated by the addition 
of the different material impacts and the insulating one, 
and the electricity impact, during 20 years, has been 
evaluated following the next equations: 𝐼𝑚𝑝𝑐𝑢𝑏 =  ∑ 𝐼𝑚𝑝𝑚𝑎𝑡·𝑛 · 𝑚𝑚𝑎𝑡·𝑛𝑛  + 𝐼𝑚𝑝𝑖𝑛𝑠 · 𝑚𝑖𝑛𝑠 𝐼𝑚𝑝𝑒𝑙𝑒𝑐 = 𝐼𝑚𝑝𝑒𝑙𝑒𝑐𝑡 · 𝐶𝑜𝑛𝑠𝑒𝑙𝑒𝑐𝑡 
The ReCiPe points attributed to each material are 
included in Table 1, which include all the impacts from 
cradle to use and for the disposal. Whereas, the 
electricity impact correspond to 0.0482 points/kWh, the 
environmental impact to the electricity generation mix 
of Spain. 

Multi-objective optimization 

Those solutions which minimize cost and 
environmental impact at the same time are chosen as 
optimal solutions and a Pareto frontier has been 
constructed with those solutions. 

3 RESULTS AND DISCUSSION 
3.1 Performance of different natural insulation 

materials 

Economic analysis 

As previously explained in section 2, the economic 
analysis includes the energy consumption of a 
reversible heat pump for 20 years and the materials 
cost of the cubicle and the insulation material. The first 
optimization corresponds to continental climate 
conditions in Lleida. Seven different natural insulation 
materials were compared with the objective to find the 
thickness of each material that corresponds to the 
minimum cost.  

The material costs increases linearly as the thickness 
increases depending on the cubic meter price of each 
material. Those materials with a higher price have 
lower thicknesses and higher energy consumption and 
can’t achieve cheaper solutions as the materials with 
lower price. Fig. 2 shows this dependency in the 
materials cost and in the total cost, 3 natural materials 
and polyurethane have been chosen to show clearly 
this effect. Cork corresponds to an example with a high 
materials cost, whereas cellulose or cotton represent 
solutions with lower materials cost, more dependent on 
the electricity cost.  
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Table 21. Main sources of impact associated with the materials during the manufacturing and dismantling phases. 

Component Ecoinvent database item 
ReCiPe  

(points/kg) 
Amount  

(kg) 

Total 
ReCiPe  
(points) 

CONSTRUCTION     

Plaster Market for base plaster, GLO [kg] 0.0229 518 11.86 

 Market for waste mineral plaster, GLO [kg] 0.0019 518  0.97 

Brick Market for brick, GLO [kg] 0.0285      5456    155.47 

 Market for waste brick, GLO [kg] 0.0018      5456        9.65 

Cement mortar Market for cement mortar, GLO [kg] 0.0238 608 14.45 

 
Market for waste cement in concrete and mortar, GLO 
[kg] 

0.0028 608   1.67 

Reinforced concrete Market for section bar rolling, steel, GLO [kg] 0.0200 262   5.24 

 
Market for concrete, normal, GLO [m3]   28.3000*  0.57* 16.13 

 Market for waste reinforced concrete, GLO [kg] 0.0025      1492   3.28 

Concrete tiles Market for concrete roof tile, GLO [kg] 0.0244      1770      43.16 

 Market for waste concrete, not reinforced, GLO [kg] 0.0019      1770  3.28 

Asphalt Market for mastic asphalt, GLO [kg] 0.0378  153  5.78 

 Market for waste asphalt, GLO [kg] 0.0021  153 0.32 

INSULATION     

Cotton Market for cotton fibre [GLO] (kg) 3.3089 - - 

Cellulose 
Market for cellulose fibre, inclusive blowing in [GLO] 
(kg) 

0.0298 
- - 

Cork Market for cork slab [GLO] (kg) 0.5442 - - 

Corn Market for maize silage, organic [GLO] (kg) 0.0157 - - 

Hemp Market for kenaf fibre [GLO] (kg) 0.0993 - - 

Wool Market for sheep fleece in the grease [GLO] (kg) 9.2190 - - 

Wood 
Market for slab and siding, hardwood, wet, measured 
as dry mass [GLO] (kg) 

0.0372 
- - 

All bio-based ins. Market for waste wood, untreated [GLO] (kg) 0.0043 - - 

Polyurethane Market for polyurethane, rigid foam [GLO] (kg) 0.5195 - - 

 Market for waste polyurethane foam [GLO] (kg) 0.0581 - - 

*These values are given by volume unit. 

 

 

 Fig. 2: Evolution of materials, electricity and total 
cost with thickness increase 

As Fig. 2 shows, despite all the materials have 
similar thermal performance, the energy 
consumption decreases in a similar tendency, the 

total cost of the materials differs significantly among 
the materials plotted. Wood has the lower thickness 
in its optimal solution (8 cm) due to the high cost of 
the insulation material. As Fig. 2 shows, despite the 
initial reduction in the total cost due to the reduction 
in the energy consumption, the total cost rapidly 
increases with a similar slope as the increase of 
materials cost. On the contrary, hemp has a much 
lower material price and a much wider optimal 
thickness (22 cm). Finally, polyurethane shows a 
slightly better thermal performance than the majority 
of natural materials with thinner thicknesses, 
whereas as the thickness is increased this 
difference is reduced and the energy consumption 
of the materials is nearly the same.  

Environmental impact analysis 

The same methodology was used to analyse the 
environmental performance of the materials. A 
cradle to grave analysis was applied for all the 
insulation and construction materials and the 
electricity required for maintaining the set point 
during the life-span of the building. To clarify the 

AJCE - Special Issue Volume 35 - Issue 2 509



ICBBM & ECOGRAFI 2017 

510 

figure, only for materials are shown in Fig. 3, which 
correspond to representative solutions of all the 
different materials performance, cotton shows a 
really high embodied impact, whereas hemp shows 
a really low one. 

As previously happened in the economic section, 
the minimum point of the total impact is the optimal 
thickness for this objective. In this case, there can 
be observed some materials with an important 
embodied impact, in Fig. 3 cotton has a really fast 
increase in impact associated to the materials due 
to the insulation.  

 

Fig. 3: Evolution of materials, electricity and total 
environmental impact with thickness increase 

Against our preconceptions, some materials have a 
higher environmental impact than polyurethane. For 
all the selected materials this has two different 
reasons. In the case of cotton or wool, the 
environmental impact of the materials is really high 
due to the high value for the aggregated indicator, 
especially penalized for the land occupation of those 
materials. On the other hand, wood and cork are 
being penalized for the high density of those 
materials as the environmental impacts are 
expressed per mass unit. Finally, the others 
materials have a very similar performance, with low 
environmental impact associated to the materials.  

The optimal solutions for the first materials and PU 
are more dependent of the materials impact, 
whereas hemp, corn and cellulose environmental 
optimal solutions are more related to the electricity 
impact. Despite in thicknesses higher than 15 cm, 
the energy consumption decreases only slightly as 
thickness increases, the materials impact increases 
even less, achieving optimal solutions too high to be 
implemented in the real scenarios.  

Multi-objective analysis 

To find the solutions that minimize cost and 
environmental impact, simultaneously, a multi-
objective optimization was performed.  

All solutions obtained while optimizing cost and 
impact individually are initially plotted in Fig. 4. This 
figure is useful to find solutions which minimize cost 
and environmental impact individually for each 
material, which correspond to the inflection point of 
each materials curve (it also corresponds to those 
solutions that are closer to the origin of the 
coordinate system for each material).  

 

Fig. 4: Cost and environmental impact evolution for 
the different solutions. 

Fig. 4 shows that the performance of the different 
materials is really different, which implies that the 
selection of the insulation material is a key factor in 
the majority of the cases. On the other hand, three 
of the materials have a very similar performance. In 
this situation, the availability of the materials would 
be more important than the material chosen. 

Fig 5 shows the Pareto Frontier solutions 
corresponds to those solutions situated at the lower 
envelope and are the values which can’t improve in 
one objective without worsen the other one. 

As both objectives have different units of magnitude, 
is not possible to achieve one single best solution. 
For that reason, it’s interesting to show the tendency 
of the optimal Pareto solutions to find the knee 
points of the solutions. Those points represent 
changes in the tendency of the solutions, changing 
an objective significantly with a really low 
penalization in the other objective.  

 

Fig. 5: Global optimal solutions constructing the 
Pareto frontier for the continental climate conditions 

and PU solution for comparison. 

Fig. 5 represents the global optimal solutions for all 
the materials and the optimal solutions of 
polyurethane individually for comparison. 
Polyurethane solution is clearly dominated in terms 
of cost, as there are solutions with much cheaper 
costs, but on contrary of what could be expected, is 
not much dominated for the environmental point of 
view, with solutions with only a slightly better 
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impact. The low impact of PU is due to the thin 
thickness of the optimal solution compared with 
other materials and for the slightly better 
performance if compared to other materials. 

Only four of the different materials studied represent 
global optimal solutions, with two different 
tendencies. The first one is formed by wool and 
cotton, with an important reduction of the 
environmental impact with a small increase in the 
cost. On the other hand, when the analysis is 
focused on hemp and corn, small improvement of 
the environmental impact can be achieved with a 
high increase in the cost.  

The most interesting solution is 22 cm of hemp 
because is where the trend between both 
tendencies change (the knee point of the Pareto 
frontier). This solution can achieve a reduction in the 
environmental impact of 85.5% with an increase of 
16.7% in total cost compared with 15 cm of cotton.  

Another important aspect shown in Fig. 5 is that the 
Pareto frontier only includes thick insulation layers, 
if the thickness of the insulation is limited, PU could 
be more competitive as it has a thinner optimal 
solution.  

3.2 Configuration of the envelope effect 

The configuration of the envelope influences the 
performance of a building. The aim of this section 
was to study the effect with respect to the optimal 
solutions. 

Two different constructions were studied, one with 
insulation next to the air gap (core insulation), and 
the other with the insulation just inside the plaster 
layer (indoor insulation). The results obtained for 
Lleida are shown in Fig. 6, whereas all the different 
climate solutions are shown in the following section. 

 

Fig. 6: Pareto frontier of the different envelope 
configurations, core insulation (L1) and interior 

surface of the wall (L2). 

This figure shows that, for Lleida’s climate condition, 
the most important effect in the optimal solutions are 
only in terms of cost, whereas the environmental 
impact and the materials solutions are really similar, 
with a marginal increment of the environmental 
impact and slightly lower quantity of optimal 
solutions. 

3.3 Climate conditions effect 

The effect of three different climate conditions have 
been analysed in the previous envelope 
configurations, the solutions obtained have been 
plotted in Fig. 7.  

 

Fig. 7: Pareto frontier of the different envelope 
configurations for the climate conditions: Porto 

Velho, Ouagadougou and Lleida core insulation 
(PV1, O1 and L1 respectively) and inside wall 

insulation (PV2, O2 and L2).    

Similar tendencies can be observed in the different 
climates and constructions, with the same materials 
as the optimal ones and the same trend in all the 
Pareto frontiers. Despite that, some differences can 
be observed. Firstly, as expected, there is a 
reduction in the cost of the solutions in 
Ouagadougou and Porto Velho, due to the less 
extreme climate conditions of the tropical climates 
which reduces the heating and cooling electricity 
cost. Despite this similarity, Ouagadougou and 
Porto Velho have an interesting difference between 
the solutions of both constructions. On the first 
hand, Ouagadougou has a similar tendency than 
Lleida, with an important difference between the 
cost of both constructions, whereas in Porto Velho, 
the difference is lower. This fact can be explained 
by the small difference between day and night 
temperatures, which makes that the envelope 
maintains similar temperatures during the day, 
which prevents the activation of the thermal inertia. 

4 CONCLUSIONS 
A multi-objective optimization was developed to 
evaluate the performance of seven natural materials 
simultaneously.  

If globally analysed, hemp, corn and cellulose 
showed the best performance, despite that only 
hemp and cellulose are already available solutions. 
Corn-pith material is still experimental. 

Polyurethane solution is dominated for bio-based 
materials, because cheaper and more 
environmentally friendly solutions can be achieved 
with hemp or similar materials. However, these 
materials require thicker layers. In situations limited 
by space, PU could be more competitive. 

Similar environmental and thermal properties have 
been shown by the majority of the materials (except 
for cotton and sheep wool), being cost and density 
the parameters that influenced more the solutions.  

If globally optimized, 22 cm of hemp seemed the 
best solution, whereas 24 cm of cotton or wool are 
the best solutions for the economic point of view 
and 86 cm of corn is the solution with lower 
environmental impact, despite not representing a 
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feasible solution for the important thickness of the 
layer. 

The results were influenced by the envelope 
configuration and climate condition, with a lower 
cost with the insulation in the core of the air gap. 
This difference was smaller in Porto Velho because 
the thermal gap between day and night is very low 
and prevents the activation of the thermal inertia of 
the envelope. 

Bio-based materials can be an available alternative 
to conventional insulators, reducing the cost and the 
environmental impact. However, a deep analysis of 
the moisture behaviour in different climates should 
be done. 
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