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Abstract

The improvement of environmental performance in building construction could be achieved by prefabrication. This study quantifies
and compares the environmental impacts of a Concrete Glulam Framed Panel (CGFP): the basic configuration of this precast
component consists in a Cross-Laminated Timber (CLT) frame structure supporting a thin reinforced concrete slab with an interior
insulation panel and covered by finishing layers. The research investigates also alternative design of configuration with the
substitution of different insulation materials in order to minimize the Embodied Energy and Carbon Footprint values.

The boundary of the quantitative analysis is “cradle to gate” including the structural support system; an IMPACT 2002+
characterization methodology is employed to translate inventory flows into impacts indicators.

Results present very low values for carbon footprint (60.63 kg CO2eq m?) and the embodied energy values (919.44 MJ m™?) indicate
this hybrid precast structure as a valid alternative building constructions and processes.

A detailed discussion of the outputs is presented, including the comparison of the environmental performances depending on different
insulation materials.
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1. Introduction

Nowadays climate change is one of the most serious threats to human society and the reduction of CO, emissions
is the main topic towards the global warning [1]. Buildings are widely responsible for environmental impact through
consumption of resources, production of waste and emission of greenhouse gas. Construction sector includes a large
amount of activities, from construction to management, from production to dismission: buildings in fact consume the
60 % of the raw materials extracted from the lithosphere [2], up to 40 % of global energy and led to 36 % of
anthropogenetic greenhouse gas (GHG) emissions in industrialized countries [3, 4].

The general life-time carbon emission for a traditional house [5] is given by the primary materials, manufacture,
transportation and construction [6]. In this sense the prefabrication of building components could be a validate strategy
for optimize building process: it’s shown the possibility to reduce the construction waste up to 52 % [7], due to the
optimization of cut-off [8], affecting positively on energy, cost and time efficiency and also to reduce environmental
impacts; for example, embodied energy indicator measures the energy consumed during extraction, processing,
manufacturing, and transportation at all stages [9] and carbon foot print indicator measures the environmental impact
of human activities on global climate [10].

In general there is an absence of detailed scientific research or case studies dealing with the overall environmental
benefits of prefabrication [7] particularly the embodied energy savings resulting from waste reduction and the
improved efficiency of material usage. Moreover the Concrete Glulam Framed Panel (CGFP) presents a particular
hybrid configuration based on a CLT frame structure and a reinforced concrete cover. Different studies focus on
materials, especially concrete and steel: Guggemos and Horvath [11] have identified and quantified the energy required
for two construction of office buildings, the first with a structural steel frame and the second with a cast in place
concrete frame, and findings revealed that the total life cycle energy use of both steel and concrete framed buildings
were comparable. In general research undertook a comparative life cycle assessment (LCA) of the performance of the
conventional construction method in relation to the use of a selected prefabrication method: about 44 % saving in
embodied energy could be incurred from the use of precast concrete technology in relation to conventional
construction of the same building. In a literature review Perez-Garcia et al. [12] show the environmental benefits
provided by the Multilayer Structural Panels technology when applied to construct low rise residential buildings,
evaluating the economic cost, the embodied energy and the amount of CO, emissions during the construction phase.
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Fig. 1. CGFP model. (a) Model of a construction made by CGFP system; (b) characteristics and materials of a typical external wall component.
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This study investigates the environmental impact of the CGFP (Fig. 1) and its components and materials from
“cradle to gate”. In fact the prefabrication strategy affords improved environmental performance for building
construction and a life-cycle assessment approach gives the possibility to evaluate the main impact categories of
products or processes, associated to the pre-production, production. The aim is to quantify the carbon dioxide
emissions and the embodied energy of the modular prefabricated panel for residential buildings in order to determine
the amount of the environmental effects of building life cycles and furthermore to assess the potential benefits on

using different kinds of insulation materials.

Table 1. CGFP model and characterization of materials.

Material Density, kg m? Weight, kg
Double plasterboard sheet 800 60.2
OSB panel for fastening systems 550 20.57
Monolith of polystyrene foam with graphite 17 20.18
Smoothing and colored cement, finishing 2 mm 2400 504
Pillar of laminated wood section 80 x 320 mm 418 66.46
Glulam crosspiece 520 29.95
OSB board: thickness 20 mm width will vary according to the size of panel 550 4.235
Aluminum profiles 2700 1.08
Polyethylene joint (n.22) 1100 0.0721
Profiled iron 7800

2. Life cycle assessment

2.1. CGFP configuration analysis

The CGFP panel object of this study is characterized by the assembling of different materials and products: a
wooden frame supporting a reinforced concrete slab and including an inner polystyrene foam with graphite.

The scope of this research is the evaluation of a partial LCA, using an approach “from cradle to gate” (Fig. 2); in a
50-year building lifetime horizon, the system boundary considers a definite scenario: the facilities and equipment used
for the extraction and production of raw materials; the transport and the conversion of the materials into production
process; the assembling in factory of each products in order to build the panel; the assessment stops at the factory gate,

before the finished product has been transported in site construction.

Fig. 2. System Boundary for LCIA of CGFP typical configuration.
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The definition of functional unit is fundamental in life cycle assessment. The functional unit is defined in
ISO 14040:2006 [12] as the quantified performance of a product system for use as a reference unit: so all inputs,
outputs, and analysis are relative to the functional unit in order to ensure a comparisons between alternative products,
processes, or services made on an equivalent basis. The chosen functional unit for this study is 1 m? of opaque wall
component as a reference for both inventory flows and environmental impacts. The CGFP panel covers a front area
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of 4.2 m? and the paper compares some alternative solutions of the inner insulation materials with the same thermal
resistance (R-value 7.43 m? K W), The assumed life span of the panels was 50 years with no maintenance necessary
in that period. It was assumed that the panels will be used for construction/retrofitting of buildings located in the
province of Treviso (Italy).

Evaluation of impacts along the life cycle for all materials was developed using SimaPro [14], Ecoinvent
database [15], Impact 2002+ v2.05 [16] and IPCC 2013 [17] method. As a consequence the impacts are expressed in
points: a composite measure of the overall environmental impact of any material, product or service. A point represents
the average impact in a specific category caused by a person during one year in Europe [16]. This study presents
values expressed in points per square meters of components surface.

According to LCA framework, a first phase called Life Cycle Inventory (LCI) was aimed to collect all data about
the processes and the quantity of each material used in term of volume and density, in order to calculate the total weight
of each material (Table 1). The inventory analysis was conducted using secondary data obtained from the Ecoinvent
database included in the calculation software. Processes analysis underlined that glued laminated timber shows the
higher impact, while the other materials have lower ones due to their little amount. The last calculation concerns the
damage impact for each material and a comparison is presented (Table 2) for evaluating the output. In Human health
category, OSB panel produces minimal impact while glued laminated timber is responsible for the greatest weight on
the environment because of the amount of the material and the processes. The most important damages of glued
laminated timber are due to the impact categories Respiratory inorganics (35.1 %), Land occupation (18.8 %),
Non-renewable energy (15.9 %), Global warming (13.5 %) and Terrestrial ecotoxicity (11.5 %). In Ecosystem quality,
glued laminated timber produces the greater impact due to the raw materials and processes utilized. In Climate change
the assessment show lower values for OSB and Reinforcing steel, but the higher values are presented in the concrete
panel because of clinker production. In Resources comparison of insulation foam and concrete is interesting. Total sum
of impacts are quite similar and shows higher outcomes because of the higher volumes in the CGFP panel. Otherwise
eco-points for Resources are very different due to the high consumption of non-renewable energy in the production of
polystyrene foam slab.

Table 2. Assessment for damage category impact of materials with IMPACT 2002+ method, expressed in eco-points per square meters, pt m™=,

Damage category Hunfn health, Ecos'ystem B} Clinfte change, Reso;xrces, Tota}lz,
ptm quality, pt m ptm ptm ptm

Gypsum plaster board, at plant 0.00086263 0.00016832 0.00056327 0.00046753  0.00206175
Aluminum, secondary, from old scrap, at plant 0.00001089 0.00000240 0.00001234 0.00000686  0.00003249
Oriented strand board, at plant 0.00061737 0.00053710 0.00036376 0.00046039  0.00197861
Polystyrene foam slab with graphite, 6 % recycled 0.00081505 0.00009442 0.00109508 0.00210795  0.00411250
Concrete, normal, at plant 0.00135403 0.00019873 0.00198625 0.00078793  0.00432694
Reinforcing steel, at plant 0.00111175 0.00011530 0.00063626 0.00041956  0.00228289
Welding, arc, steel 0.00001063 0.00000294 0.00000355 0.00000300  0.00002014
Polyethylene, HDPE, granulate, at plant 0.00000387 0.00000010 0.00000316 0.00000878  0.00001591
Blow moulding 0.00000354 0.00000044 0.00000235 0.00000257  0.00000891
Glued laminated timber, indoor use, at plant 0.00347911 0.00270095 0.00118043 0.00139273  0.00875323
Aluminium, secondary, from old scrap, at plant 0.00001089 0.00000240 0.00001234 0.00000686  0.00003249
Reinforcing steel, at plant 0.00020929 0.00002171 0.00011978 0.00007898  0.00042975
Zinc coating, pieces 0.00006893 0.00006154 0.00002436 0.00002275  0.00017758
Total 0.00855799 0.00390638 0.00600292 0.00576589  0.02423318

Finally the environmental impact of CGFP configuration is summarized in the total value of 0.02423 (pt m)
eco-points for square meters and the involved LCA processes affect particularly the Human health damage category
with 0.0085 eco-points per square meters (pt m2).
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2.2. Different insulation materials analysis

In the previous analysis CGFP configuration shows how the insulation material affects almost the 18 % of total
impact, (corresponding to a 0.0044 pt m?) that is similar to concrete slab impact: while concrete is a component with
optimized characteristics in structural and formal terms, insulation materials could be analyzed in order to promote
alternative design (e.g. a minor thickness allows more space for system) and with the aim to reduce the general
environmental impacts. EPS installed in the panel was replaced with a selection of various organic and non-organic
materials [18] to obtain the values of the damage and to identify those with less impact at equivalent thermal
transmittance.

Table 3. Selection and characterization of insulation materials.

Material Unit Fiberglass XPS EPS Fiberboard Mineral wool ~ Aerogel VIP
Thermal conductivity (A) Wm'K! 0.048 0.036 0.035 0.038 0.037 0.013 0.006
Resistance (R) m’K W 7.43 7.43 7.43 7.43 7.43 7.43 7.43
Thickness (s) m 0.36 0.27 0.26 0.28 0.27 0.09 0.04
Density kg m? 150 20 34 150 110 120 175
LCA pt m? 0.02604 0.00707 0.00879 0.02167 0.01432 0.00396  0.01019

A mandatory constrain is material size because the available thickness is 0.28 m and the insulating material should
have the same or minor thickness (Table 3). The characteristics of each insulation panel provide a very wide difference
of impact values.

Table 4. Assessment of damage category impact of CGFP, developed with different combinations based on insulation materials with IMPACT
2002+ method, expressed in eco-points per square meters [pt m™].

Damage category Unit Fiberglass XPS EPS Fiberboard Mineral wool ~ Aerogel VIP
Human health ptm? 0.01075 0.00163  0.00199 0.00649 0.00591 0.00111 0.00261
Ecosystem quality ptm? 0.00085 0.00010  0.00014 0.00443 0.00047 0.00004 0.00034
Climate change ptm? 0.00712 0.00254  0.00244 0.00160 0.00392 0.00132 0.00278
Resources ptm? 0.00732 0.00279  0.00422 0.00915 0.00403 0.00149 0.00446
Total ptm? 0.02604 0.00707  0.00879 0.02167 0.01432 0.00396 0.01019
Difference with EPS % + 196 % -20% / +147 % +63 % -55% +16 %

This setting also affects the total environmental impact assessment of each combination of insulation and structure
in respect to other materials (Table 4): the analysis demonstrates that the least impact is presented by aerogel insulation
(0.004 pt m?) with about half values in respect to EPS (0.009 pt m?); overall output show that the employment of
EPS is already performant and it represents a low environmental impact in respect to other materials.

0,05
0,04

pt/m?

0,03
0,02
0,01
0,00

Fig. 3. Assessment for impact of each insulation foam (in light grey) in respect with the other materials (in dark grey), expressed in eco-points per
square meters [pt m™]. A percent value represents the weight of impact for each insulation foam in the whole component.
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All insulation materials present low values of impact in terms of Ecosystem quality, except Fiberboard because of
the dispersion of metallic substances in soil during the production, in particular Aluminum (49.6 %) and Zinc (32.6 %).
Fiberglass presents high values in Climate change because of the Carbon dioxide, representing the 95 % in the whole
damage category. The most damage of Human health is due to Particulates in air (39 %) and Nitrogen oxides in air
(23 %) and Sulfur dioxide (22 %). Resources category affects by Gas, (43 %) and Coal (28 %), Oil (13 %).

After this calculation it’s relevant to underline the general weight of each insulation material in relation to structure
(Fig. 3): the incidence of each insulation into the general impact of the CGFP reveals very different values (from very
low relevance to almost 40 %), but the most important information obtained concerns the great relevance on selection
about the insulation component and the reduction of environmental impacts that it follows.

3. Embodied Energy and Carbon Footprint

The analyses conducted permits also to evaluate the environmental impacts of basic configuration of CGFP from
the point of view of Embodied Energy (919.44 MJ m2 or 2766 MJ m™~) and Carbon Footprint (60.63 kg CO,eq m™ or
254.65 kg COzeq).

Embodied Energy is the total amount of energy used throughout the product's life-cycle: raw material extraction,
transportation, manufacture. In the evaluation of the damage category impact Resource category shows values about
non-renewable energy and mineral extraction, that is precisely the Embodied Energy: graphics below (Table 5) shows
how each compartment of energy consumption has different amount and weight for each considered process.

Table 5. Embodied Energy for insulation materials.

Unit Fiberglass XPS EPS Fiberboard Mineral wool Aerogel VIP
Embodied Energy MJ m? 1104.47 424.36 640.87 1388.49 607.46 226.46 676.48
Difference with EPS % +72% -34% / +117 % -5% -65% +6%

Fiberboard has higher impact than other insulation material due to the relevance of some processes and its amount
of energy for producing it. Aerogel instead presents lowest values because it is a silica-based synthetic porous material
with a process characterized by a minor consumption of energy or creating it (Fig. 4).

A Carbon Footprint is an environmental index and is historically defined as “the total sets of greenhouse gas
emissions caused by an organization, event, product or individual”. So it measures the impact that these emissions
have on climate change to anthropogenic. The carbon footprint is expressed in equivalent carbon dioxide, which value
indicates the level of the GWP (Global Warming Potential) of greenhouse gases, or rather their global warming
potential for each selected material. A comparison between the production process of packages was developed
according to the method 2013 IPCC (Intergovernmental Panel on Climate Change), that lists the climate change factors
of IPCC with a timeframe of 20, 100 and 500 years: an unit value is attributed on-base percentage to the material with
higher equivalent carbon dioxide and the remaining values were get consequently.

N O e
S —

4000 —
0 e N ==
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Fiberglass XPS EPS Fiberboard Mineral wool Aerogel VIP

MJ m?

M Coal, brown Coal, hard m Gas, mine, off-gas, process, coal mining/m3 ® Gas, natural/m3 Qil, crude Peat ™ Uranium

Fig. 4. Amount of Embodied Energy for insulation materials evidencing all compartments for non-renewable energy expressed in
megajoule [MJ]. Total value of all compartments is presented for each insulation foam, on the top of the column.
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The analysis has been made with IPCC 2013 GWP 100a v.1.00 method: materials such as aerogels and fiberboard
have low impacts since in the first case the material used is little amount, while the second has low values due to its
nature and process (Fig. 5).

350,00
300,00
250,00
200,00
150,00
100,00
50,00
0,00

312,87

193,85 172,08

117.22 131,96
70,11
. -
XPS EPS VIP
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kg CO, eq

Fiberglass

Fig. 5. Processes matching with IPCC 2013 GWP 100a method, expressed in kilograms of equivalent carbon dioxide [kg CO.eq].
3.1. Results and discussion

The most important outcome of this analysis lays in the fact that EPS foam in the basic CGFP is already a validate
configuration in terms of transmittance values and environmental impacts. The evaluation of parameters like Embodied
Energy and Carbon Footprint allows a comparison with the environmental assessment of other precast panels.

The analysis of the environmental impact in CGFP panel confirms the results of the case study in Monahan J. et al.
[19]: analyzing three scenario with precast elements, the constructions in timber and concrete reveal a lower embodied
energy values due to the less energy intensive processes involved in respect to a steel construction. Moreover, focusing
on the external wall component, CGFP configuration shows a quite similar structure in timber frame that includes
insulation materials and finish layers, but embodied energy values are lower and comparable in respect to the external
wall (1971.8 MJ m) in this study, so the general trend of breakdown energy is confirmed and very low.

One more comparison is given by the Australian National Timber Development Council document [20] that listed
embodied energy values for common building elements; for external wall in timber frame, brick veneer covered,
including internal insulation, values are very similar (1060 MJ m) and the main difference lays in the fact that CGFP
panel is precast and includes other processes.

In Culakova et al. [21], a multi-criteria analysis of material selection shows how to reduce the environmental
impacts by the use of alternative solutions from renewable materials: the scenario with massive cross laminated
timber (CLT) panel and wood-fiber insulation is very interesting because at equal thermal properties
(0.11 W m2K"") the outcomes give very similar to CGFP panel in terms of embodied energy (1089.940 MJ m2)
and carbon footprint (-81.094 kg CO,eq m™2).

Evaluation on alternative insulation materials reveals that the replacement of EPS gives some benefits: Aerogel or VIP
allows a low thickness (0.10 m and 0.04 m respectively), allowing to increase the thermal resistance of the precast
component or to use the cavity for installing system pipelines or cable; in terms of Embodied Energy and Carbon Footprint
only Aerogel could decrease the environmental impacts in both the analyzed methods (2692 MJ, 117.22 kg CO,eq), while
materials such as XPS and Fiberboard are valid alternatives (respectively 1782 MJ and 70.11 kg CO.eq).

Next step of research could consider the life cycle in terms of the economic assessment in order to evaluate the cost
effectiveness of this hybrid component. One more step could consider a whole construction made by this technological
system in order to evaluate the energy, environmental, economic assessment of all components, determining a
comparison in comparison to traditional building.
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