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ABSTRACT

The minimal investment cost, flexibility and expandability of the built structure were the highest priority planning aims in the development and planning of industrial facilities. With the sharpening of building codes and the upcoming European polices on climate protection and energy efficiency, the life cycle optimization is starting to gain importance among industrial investors. Optimized, highly efficient building hull and building services play crucial role in the realization of an over-all energy-concept of modern industrial facilities. On the case study of an energy efficient industrial facility within the research project INFO (Interdisciplinary Research for Energy efficient Production), a tool for ecological and economic life cycle analysis - assessment of life cycle costs and emissions of the façade (EEFA) was developed. For the proposed building model of industrial facility three different façade-typologies (metal sheets, metal-sandwich panels, wood panels) were simulated and calculated by the tool. In terms of ecology (CO2 emissions) the wood-based façade features the best performance; however is the most expensive regarding the initial costs, which would have been a knock-out criterion when planning an industrial facility in the past. Nevertheless, life cycle cost related findings imply that even though the examined typologies feature large differences in the initial cost, after a period of 36 years of life-time all three façade-types sum up to the same amount of life cycle costs. This paper argues that in order to achieve the goal of sustainability a long term view is necessary, as well as further development of planning tools which support decision-making process in early design phases.
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INTRODUCTION

A life cycle oriented approach to new constructions is nowadays widely acknowledged and implemented by all stakeholders of the building sector. During the recent decades, extensive research has been conducted on Life Cycle Costing (LCC) and Life Cycle Assessment (LCA) methods in the construction industry, centred mainly on buildings of residential and office use [1-3]. Industrial facilities though have not been thoroughly studied under this perspective and limited work has been published, something which does not comply with the advances in the research on more eco-efficient manufacturing processes [4]. On the other hand it is a fact that the highest priority aims in the development and planning of industrial facilities and production halls have primarily been the minimal investment cost, flexibility and expandability of the built structure. Operating building costs as well as energy supply management have been regarded as secondary issues compared to the management of products’ resources and workforce. However with the sharpening of building codes, the tightening of European polices on climate protection and energy efficiency; such as the zero-energy buildings [5], and the awareness of a corporate social responsibility, life cycle optimization is starting to gain importance among industrial investors.

At this point, it is worth pointing out part of the research made in the field of life cycle analysis of industrial facilities. Researchers in Spain [6, 7] have developed an integrated value model for sustainable assessment of industrial buildings in order to arrive at a specific “environmental sustainability index” for this kind of constructions. They set six study scopes (ecological, economic, social, safety, functionality, aesthetics) to define the sustainability criteria and use a requirements’ tree to quantify further divided indicators at various hierarchical levels, in order to assess the behaviour of industrial buildings. In the German research project, Life Cycle Engineering for Industrial Buildings [8], a software tool was developed aiming to serve as an advisory, information and calculation tool at the selection of sustainable constructions for industrial buildings, including criteria for site selection and the evaluation of economic, ecological and social aspects in early planning stages. The project’s reference was the automotive industry, with an effort to move away the focus from a one-sided approach of exclusively creation costs to a holistic life cycle analysis planning procedure.
Taking aforementioned into account, it can be argued that optimized, highly efficient building hull and building services play crucial role in the realization of an over-all energy-concept of modern industrial facilities. In 2009 the average cost of the exterior building skin of an administration-office building in Germany was calculated at 24% of the total construction cost [9]. In industrial buildings this proportion is considerably lower, since the volume to façade’s surface ratio is quite different and the technical building services hold a significant role concerning the total cost. However, decisions about the façade are crucial even in industrial facilities, as the thermal building envelope is an essential parameter responsible for the energy demand, affecting to a large extent the future running costs. Such decisions made in the early design phases determine a project’s path. Tools for LCC and LCA analysis, that are available on the market, have quite often many barriers to overcome in order to be used by planners or be consulted by investors. They are considered difficult to handle, require a certain level of expertise and lots of data in order to come to an applicable result, along with being too time consuming for the decisions’ stage.

On the case study of an energy efficient industrial facility within the research project INFO (Interdisciplinary Research for Energy efficient Production), a tool for ecological and economic life cycle analysis - assessment of life cycle costs and emissions of the façade (EEFA) was developed [10]. It is structured to provide a combined approach by concisely presenting and comparing the economic aspects and environmental impact of common industrial façade typologies. Furthermore the Excel-based tool is easily applicable and modifiable, thus intending to support the decision-making process in early design phases.
This paper is formulated as following: in the next chapter the LCC and LCA methodology will be briefly introduced. Further on modules and functions of the developed tool (EEFA) will be presented, followed by a comparison of LLC and LCA performance of three exemplary façades using the EEFA Tool. In the final chapter, there will be a discussion of possible implementation areas, challenges for the implementation and future steps. 

METHODOLGY

As already discussed in the previous chapter, a holistic evaluation of the life cycle effects of building elements, such as a façade, or of a whole building should be based on both assessment of costs and of environmental impacts, to comply with the interests of investors (most sustainable investment) and society (minimisation of emissions, resources saving). The methods used in the prediction of economic and ecological impacts and comparison of façade-variants by the EEFA tool are Life Cycle Costing (LCC) and Life Cycle Assessment (LCA).
Life Cycle Costing 

The approach to evaluate a product or an asset as a sum of total costs is not new. It was mainly used in the military context during the 1960s and 1970s, but has found its larger implementation in the building industry only after 1990 [11]. 
As life cycle costing is coming from an economic-managerial field, there is lack of standardized methods for the AEC industry (architecture, engineering and construction). The methods can mainly be divided in static and dynamic, or deterministic and probabilistic [12]. The static method does not consider the value of money in time, where as the dynamic methods employ net present value through discounting of future payments to todays value. The EEFA tool uses the discounted cash flow method, as the widely accepted method for calculation of LCC of buildings, in order to determine the market value of the future payments [13], occurring throughout the relatively long life cycle of the building. 

Thereby, as Ellingham and Fawcett indicate, especially critical is the determination of the suitable discounting rate which has high impact on the final result – high discounting value results with low life cycle costs (future costs) and vice versa [14]. There are numerous approaches for calculation or presumption of discounting rate, such as weighted average cost of capital, capital asset pricing model, or real estate market approach using net starting yield, however this parameter is the most significant originator of high uncertainty of discounted cash flow method [15,16].
The net value of a building’s life cycle costs derives from investment cost, following cost, demolition, and the discounting rate:
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The discounted cash flow method has been criticised, as already mentioned, for extreme sensibility to the discounting rate and the time horizon, which both have immense impact on the result. The shorter the time horizon the higher is the percentage of the initial investment – for the proper decision-making of the impacts in the future, the long-term horizon is necessary. 
Life Cycle Assessment
Parallel to the notion of whole life cycle costing, a concept of ecological modernisation of products and processes was developed, originating from industrial ecology and aiming at industrial metabolisms which are consistent with those of nature [17]. Ecological modernisation is, according to several authors a set of environmental, economic, social and policymaking interactions.
In this context, equivalent to financial accounting is eco-balance, which accounts and analyses the resources flow from nature and the environmental impact of products or goods throughout their life cycle (from cradle to grave) [9].
The European standard ISO 14040:2006 describes the framework and principles of life cycle assessment (LCA) by defining the goal, the scope and the assessment phases: inventory analysis, life cycle impact assessment, life cycle interpretation, reporting and critical review [18]. Included are the environmental impacts from production phase (material extraction, production) over use, till end of life (waste management, recycling and disposal). Due to limited data availability, only four indicators for impact assessment will be used in the EEFA Tool: GWP – global warming potential, AP – acidification potential, PENE – Primary Energy non renewable, PEE-Primary energy renewable; not using weighing for single indicators [19].

Thereby the life cycle phases production, maintenance and disposal will be taken in account. The total GWPTOT is calculated as sum of GWPP+M for production and maintenance phase (cleaning, inspection and service, renewal) plus demolition phase (GWPD). GWPD is often a negative value, as bonus for the recycling, combustion or reuse possibility.
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The main difficulty for LCA is the availability and reliability of data, since different sources and databases use different system limits. Fischer and Hauge, in their LCA of steel profiles comparing EPD (Environmental Product Declarations) and Ökobau.dat, show a difference of 20% for the same product, due to different system limits of included life phases [20,21]. For example, some data sets comprise the transport to the building site while others do not (even within the same database). Thereby, the LCA assessment similar to the LCC discounted cash flow method also requires strategies for dealing with uncertainty, both methods are at this stage more suitable as methods for variant comparison (variants must employ the same database on costs and ecological impacts as well as the same parameter settings) than for actual prediction of impacts.
EEFA TOOL

The main objective through the concept and development of the Excel-based EEFA Tool was to provide the user with a high level of freedom, when choosing the settings and parameters for the economic and ecologic assessment of façade in the early design stage. A dynamic variant choice and visualization of results should enable a quick and simple generation of information on advantages and disadvantages of each façade-system in comparison to the alternatives. 
The EEFA Tool was developed on a case study of an energy efficient industrial facility within research project INFO. Therefore the settings and data are customized for the case study – the tool is built up upon three exemplary façade-systems (steel tray; steel sandwich panel; cross laminated timber). 

In the forefront of the tool development, it was important to examine the impact of the façade-variants on the energy performance of the building. The executed thermal simulation has demonstrated that the interior loads of the simulated industrial facility are so high, that the U-Value of different façade-systems plays minor role. The highest impact on the energy optimization of heating and cooling loads is given through automation of shading, lightning and ventilation. Façades differing by 100% in U-Value result with a difference in cooling and heating load of only 3% [22].
The database and functions of the tool are easily upgradeable for further façade-systems. The user interface consists of input fields for the global and project relevant parameters and the choice of three façade-systems, with modification possibility of each variant; and of results presentation part, enabling a simultaneous graphical representation of the outcome. 

Data
In this first step three façade-variants (metal sheet, sandwich panel, wood panels) were fully documented in the tool, however the tool is expandable and upgradable for unlimited number of variants.

Data availability proved to be the greatest challenge for the development of the tool, therefore the limited number of variants. For the modelling of the ecological indicators of façade-elements represented in EEFA, the Ökobau.dat 2011 [23] database was used, as the most extensive database of building elements in German speaking region, combined with the assessment approach by DGNB –German council for sustainability– using end-of-life scenario together with DGNB material groups. For those products for which only EPD was available, the EPD values were used. The availability of the life cycle cost data is even more limited than the availability of eco inventory data. Thereby an own life cycle costs database was compiled in cooperation with ATP planning company and M.O.O.CON GmbH consultants, using their data bases which incorporate more than 1100 planning elements with respective construction and following costs.  Cost groups are used according to the DGNB certificate Indicator 16: construction, cleaning, service and maintenance, renewal [24].
User interface

The tool consists of four sheets – the first sheet is the cumulative results overview (Figure 1, Table 1), where the comparison of all three systems is represented, as well as the project and parameter settings. The global parameters comprise data necessary for the discounted cash flow method as well as the project related data and once set, they are valid for all three variants. 

The following three sheets contain detailed representations of the each façade-system including life cycle costs diagram and life cycle assessment impact factors GWP, AP, PEN+E and PEE.
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Figure 1. The cumulative sheet, with the results overview
Table 1. Interface and functional description of the EFFA Tool results sheet 
	INTERFACE
	DESCRIPTION
	Input Parameter (Adjustable)

	1 The global parameters 
	Settings for discounted cash flow methods, investment and following costs.

If for example a latter construction begin is chosen, the cost data in EEFA will be indexed to this specific year. The following costs are discounted to the beginning of the operation. The input of discounting rate and price increase enables the correct discounting of the monetary values along time axis. 
	[%] Price increase General Cost 
[%] Price increase labour (cleaning etc.) 

[%] Price increase energy 

Economy (Project Related)

[a] Time horizon

[%] Discounting rate

[a] Beginning of construction

[a] Beginning of operation

	2 Building hull characteristics
	The input field for building hull qualities and quantities. The number of windows is calculated automatically through the percentage of transparency area. The user can determine if there are operable window sills, and if so, how many per window. At the moment the tool incorporates three façades (E, S, W), upgrade for further orientations is possible.
	Geometry/Dimensions

[m2]  Façade area total

[m2] Façade area opaque

[%] Façade area polycarbonate
[%] Façade area transparent

[Number]  Operable Window sashes/Window Construction/ Elements

[m] Layers

[Art] Material choice

[Art] Standard

[Art] Additional building elements

	3 Var A

steel linear tray, with 3-layer wood panel cladding
	The user can choose between three different cladding materials, with different U-Values, as well as between three different shading systems (motorized or manual).
	

	4 Var B

steel sandwich panel, metal zinc coated
	The user can choose between PU-sandwich panels with different U-Values, as well as between different shading systems (motorized or manual).
	

	5 Var C

cross laminated timber, metal (zinc coated) cladding
	The user can choose between wood composite elements of different U-Values, as well as between different shading systems (motorized or manual).
	

	6 LCC Diagram
	The net values of all cost groups are cumulated in a diagram along the time axis. (x-axis time, y-axis monetary value). The curve is increasing due to the following costs, such as cleaning, service and renewal. 
	

	7 LCC 

Bar Diagram
	The bar diagram of the total life cycles costs cumulated according to the cost groups (cleaning, renewal, service and maintenance) over the chosen life span. 
	

	8 PED
	Primary energy demand 
[MJ/m2  Façade area]

The graphic displays the percentage of PE for renewable and for non-renewable energy. For each variant, two bars are representative – the first bar (production and maintenance) displays the PEN+E and PEE necessary for production and maintenance, the second bar displays the PEN+E and PEE necessary for disposal. Thereby the negative value displays the bonus for disposal, depending on material recycling or combustion potential. 
	

	9 GWP
	Greenhouse Gasses Potential (GWP) – equivalent of CO2-emissions for the three variants. 

Here is also visible the differentiation between a GWP P+M and GWPD leading to a bonus for recycling. Since wood performs as CO2 capture during the growth phase, is the GWP P+M also negative. 
	

	10 AP
	Acidification potential (SO2 –Equivalent) of all three variants, with differentiation for the phases of production and maintenance and demolition phase. 
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Figure 2: Sheet with the evaluation of an individual façade-system, consisting of input fields (1-2) for setting the façade parameters and result-fields (3-7) with LCC histogram of cumulated cost groups, LCC of single cost groups non-cumulated, pie chart of investment cost acc. To cost groups, pie chart of following costs acc. To cost group (average), LCA GWP, AP, PEN+E and PEE, differentiating Production and Maintenance Phases from Disposal
TOOL TEST – COMPARISON OF THREE FAÇADE-SYTEMS 
In order to test the tool and its applicability, the three façade-systems were tested in terms of economic and ecological life cycle performance. 

As global parameters were set: Beginning of construction 2012, Beginning of operation 2014, time horizon 36 years, discounting rate 5,0%, price increase labour 3,0%, general 2,5%, energy 4,0% (Table 2 and 3).
Table 2.Exemplary Façade System
	Façade System
	Façade System A
	Variant B
	Variant C

	Exterior panel
	3-layer wood panel
	Metal

(zinc coated)
	Metal 

(zinc coated)

	structure
	steel liner tray
	steel
	Cross laminated timber

	shading
	horizontal lamellas, alu, motorised
	blinds
	vertical lamellas

	Insulation/mm 
	Mineral wool, 180 mm
	Polyurethane foam
(sandwich panel) 100
	Wood fibre insulation panel 120


Table 3. Geometrical properties of Façade Systems
	
	
	S
	O
	W
	Total

	Façade area
	m²
	1200
	1350
	1350
	3900

	Opaque area
	m²
	1020
	1148
	1148
	3315

	Transparent area
	%
	15%
	15%
	15%
	15%

	
	m²
	180
	203
	203
	585

	Number of windows
	
	
	
	
	98

	Open able windows
	
	
	
	
	49
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Figure 3. Life cycle costs of three exemplary façades, over 36 years 
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Figure 4. Cumulated life cycle costs of three exemplary façades, time horizon 36 years, for cost groups construction, cleaning, service and inspection, and renewal
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Figure 5. LCA for three exemplary façades, for GWP and AP, phases production plus maintenance and disposal
The results of the evaluation show that the most construction-cost intensive façade C (+26,8%), is in total life cycle costs the best performing variant after a time period of 36 years (Figure 3 and 4). However for shorter time horizons the initially cheaper variants are still cheaper in the following costs. The variant C is also the best performing variant considering the LCA results (Figure 5, Table 4).
Table 4. Results of comparative analysis of façade systems for LCC and LCA
	
	Construction Cost/€
	LCC36/€
	GWP total (kg/m2)
	AP total 

(kg/m2)

	Var A
	921.300
	1.435.300
	60,5
	0,26

	Var B
	694.400
	1.389.200
	57, 1
	0,21

	Var C
	948.900
	1.388.700
	26,6
	0,18 


CONCLUSION 
In the course of this paper an Excel based tool for evaluation of façades of industrial facilities was presented. Thereby the combined life cycle costing approach and life cycle assessment methodology was applied, in order to grasp environmental as well as economic interests of investors. Consequently the following insight could be generated: the building hull insulation properties have low impact on the energy consumption of facilities with high interior loads. For different types of buildings, in order to determine the degree of impact and necessary U-Value (insulation thickness) of the future façade, a thermal simulation is necessary. 
With limited effort, the development of a customized, simple but potent tool for economic and ecological evaluation of façade variants is possible, thus acting as a decision support tool in early design stages. LCC and LCA analysis should be carried out in the early design stages where the change potential is still high [25].
However these are the phases where the level of detailing is still low, therefore high level of abstraction is required for modelling of building, building hull and HVAC. The balance between abstraction without oversimplification is thereby the greatest challenge for the LCC/LCA in the earliest design stages, next to the lack of reliable, standardized data. The results of the façade-system comparison using the EEFA Tool show the sensitivity of LCA method to the temporal duration and the choice of discounting rate.  Another possible challenge for the decision making process is the diverging results of the LCC and LCA.
A further step in tool development is the coupling with BIM tools, via interface, which would allow a connection of the complete geometrical building model to the LCC and LCA data already in the early design stage [26].
Lastly an additional extension would be a module for option-based planning, based on the Ellingham and Fawcett approach [14]. The module would allow the probabilistic calculation of future options or decisions – for example of a future option for refurbishment or extension with related ecological and economic impacts. However this approach requires a shift towards long term horizon in decision making process, which in the context of industrial building still needs reinforcement.
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