
COST-MINIMIZING OPTIMAL RETROFIT OPTIONS FOR ENERGY SAVINGS IN OFFICE BUILDINGS
Gürkan Kumbaroglu, RWTH Aachen University, +49-241-8049820, gkumbaroglu@eonerc.rwth-aachen.de
Reinhard Madlener, RWTH Aachen University, +49-241-8049820, rmadlener@eonerc.rwth-aachen.de
Presentation of Research Topic
Office buildings typically consume a significant portion of total final energy demand and contribute to the emission of greenhouse gases. In Germany, for example, office buildings’ energy consumption amounts to about 10% of total final energy demand. Energy demand can be reduced by applying retrofit measures to existing buildings. The heat energy demand of an existing building could be reduced by up to 70% by retrofitting. However, due to the long-lived nature of the capital stock, the economic analysis of energy-efficiency measures in new buildings and retrofitting of old buildings are important. Improving the thermal properties of an existing office building’s envelope (roof, external walls, windows, doors and floors) is typically one of the most economical ways to reduce energy consumption. Consequently, this is one of the most important strategies for the retrofit of buildings. There are, however, numerous technically feasible options with varying costs and different energy saving potentials available to the building stock owners. An improvement in energy performance is often the result of an optimization process to choose from a selection of technically favorable and at the same time cost-effective measures. Selection of an optimal set of retrofit measures requires the consideration of technical properties of the envelope, heating & cooling energy supply systems, external and indoor climate and cost. An unbalanced intervention of different measures can lead to unsatisfactory results in terms of both costs and savings. 
In this paper we report on a study comprising a detailed techno-economic evaluation methodology to find the optimal set of retrofit measures for office buildings. The study consists of three parts. First, a technical analysis of the building envelope and its supply systems, carried out by the Institute for Energy Efficient Buildings and Indoor Climate (EBC) at the E.ON Energy Research Center, RWTH Aachen University. Second, a matrix of retrofit measures, derived to indicate possible pathways enhancing energy efficiency, based on the studies by Auferkorte (2010) and Meyer (2010). The approach of a retrofit matrix, developed further by EBC, provides an overview on which retrofit solutions for the building are technically possible, and energetically and ecologically worthwhile. Third, we have undertaken a model-based economic analysis to determine the optimum set of retrofit measures for two buildings from RWTH Aachen University. The linear programming model, which minimizes total investment cost under various energy and CO2 saving targets, yields the cost-minimizing optimal options for a budget-constrained retrofit.
Brief Overview of Related Research
A building diagnosis and decision-making tool for selecting office building upgrading solutions was developed under an EU research project in the late 1990s (Flourentzo et al., 2002; Caccavelli/ Gugerli, 2002). The software tool is based on a checklist assessment of the need for retrofitting and a scenario-based analysis to evaluate retrofit options, also taking into account the resulting conservation and related costs.

Chidiac et al. (2010) describe a methodology developed to screen office buildings in terms of their current level of energy consumption and potential for retrofit application. They characterize the office building stock by a set of archetypes and simulate building operation using energy simulation software. Further, they employ regression analysis for estimating the energy consumption and present value analysis to optimize the evaluation of various retrofit measures.
Diakaki et al. (2008) investigate the feasibility of the application of multi-objective optimization techniques to the problem of improving energy efficiency of buildings so that the maximum possible number of alternative solutions and energy efficiency measures may be considered. However, they find that no optimal solution exists for this problem due to the competition between the involved and incommensurable decision criteria.

Methods

The methodology employed in this study includes four modules: (i) an interface to convert the energy data into a useable format, (ii) a tool to evaluate building energy performance, (iii) a matrix of retrofit measures, and (iv) a cost minimizing linear programming model. A brief description of the methods employed is provided below.

(i) Interface to convert the energy data into a useable format
Most office buildings use advanced building management systems that guarantee stable operating conditions and monitor energy consumption data. These systems store relevant operational data at defined file formats. In a first step of this part of the study, an interface is developed for the most common data file format to convert all energy and state data to the universal data file format HDF5. 

(ii) Tool to evaluate building energy performance
Based on the HDF5 file format, an evaluation tool programmed in the open script language Python is used to evaluate the buildings’ energy performance. The tool takes into account the technical properties of the envelope, the energy supply systems for heating & cooling, as well as the external climate.

(iii) Matrix of retrofit measures
A detailed analysis of different retrofit options for the building envelope is carried out, yielding a matrix of retrofit measures. The matrix includes all measures, potential energy and CO2 savings, cost estimates and additional information including special user demands and internal building ratings. 

(iv) Cost minimizing linear programming model
A linear programming model is developed to select the cost minimizing retrofit options. The model is formulated in the GAMS algebraic modeling language and solved using the solver CPLEX. Alternative targets for the saving of energy and CO2 emissions are defined and results are obtained yielding retrofit options that minimize total investment cost.
Results and Conclusions
A retrofit matrix is derived so as to include all technically feasible retrofit options with a non-negligible energy and CO2 reduction potential. It distinguishes between different construction types and vintages of buildings and lists the percentage reductions that can be achieved with a great variety of retrofit options. All possible retrofit options for two selected buildings from RWTH Aachen University, which are evaluated for testing the model, are identified from the matrix. The costs and energy saving potentials of these options were used as input into the linear programming model to find the optimal set of retrofit measures. Model runs were obtained for a number of energy and CO2 reduction rates, ranging from 10-40%. It is found that there is considerable energy and emissions saving potential even under tight budget limitations. 

The universally applicable methodology has proven to be successful for the two buildings used as case studies. The retrofit matrix would need to be modified for applications in significantly different climate zones, such as in non-EU regions with different cost and availability of retrofit options. The methodology in general and the model in particular, however, are universally applicable to find cost-efficient optimal retrofit options for energy savings in office buildings.
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