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Abstract

:

The potential of organic Rankine cycle (ORC) systems is acknowledged by both considerable research and development efforts and an increasing number of applications. Most research aims at improving ORC systems through technical performance optimization of various cycle architectures and working fluids. The assessment and optimization of technical feasibility is at the core of ORC development. Nonetheless, economic feasibility is often decisive when it comes down to considering practical instalments, and therefore an increasing number of publications include an estimate of the costs of the designed ORC system. Various methods are used to estimate ORC costs but the resulting values are rarely discussed with respect to accuracy and validity. The aim of this paper is to provide insight into the methods used to estimate these costs and open the discussion about the interpretation of these results. A review of cost engineering practices shows there has been a long tradition of industrial cost estimation. Several techniques have been developed, but the expected accuracy range of the best techniques used in research varies between 10% and 30%. The quality of the estimates could be improved by establishing up-to-date correlations for the ORC industry in particular. Secondly, the rapidly growing ORC cost literature is briefly reviewed. A graph summarizing the estimated ORC investment costs displays a pattern of decreasing costs for increasing power output. Knowledge on the actual costs of real ORC modules and projects remains scarce. Finally, the investment costs of a known heat recovery ORC system are discussed and the methodologies and accuracies of several approaches are demonstrated using this case as benchmark. The best results are obtained with factorial estimation techniques such as the module costing technique, but the accuracies may diverge by up to +30%. Development of correlations and multiplication factors for ORC technology in particular is likely to improve the quality of the estimates.
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1. Introduction


Organic Rankine cycle (ORC) technology increasingly draws the attention of researchers and practitioners. The concept of using an organic fluid instead of water dates back to just after the invention of the conventional Rankine cycle in 1859, yet it was not until the 1960s and 1970s that ORC technology was investigated more prominently. Today, the ORC constitutes a flourishing research field and its practical potential has been proven. The advantages of ORC systems are manifold. Operating with organic fluids allows conversion of energy sources in much lower temperature ranges than feasible with conventional steam cycles. ORC systems can thus generate electricity from excess heat, enhancing energy efficiency, and from geothermal wells, biomass, solar and oceanic sources. Both enhanced efficiency of energy use and renewable electricity generation are essential in the transition of energy sectors to more streamlined, efficient, secure and climate-friendly systems.



Research conducted on ORC technology and applications is very technical in nature. The majority of the literature is devoted to i.a. architecture design and optimization (e.g., Chen et al. [1], Lecompte et al. [2]), the quest for suitable working fluids (e.g., Lakew and Bolland [3], Hung [4,5]) and the design of new expander types (e.g., Declaye et al. [6], Papes et al. [7]). However, it is not merely the technical but the economic feasibility which determines the extent of technology adoption. Considering the life-cycle of technological innovation, the fundamental initial step is—technical—invention and optimization. The subsequent innovation (where the product goes from lab tests to real applications) and diffusion (gradual adoption by firms) phases are shaped by the economic appeal. The adoption of a new technology typically follows an s-shaped pattern—gradually at first, then with increasing rapidity until the point of saturation—but there is no guarantee that an invention will go through the entire innovation process and yield market success, even while technically interesting [8,9]. The adoption of energy-efficient technologies, for instance, is stimulated by higher energy prices, but decreased by adoption costs. Moreover, energy-efficient technology adoption is found to be more sensitive to the cost of equipment than to the expected energy costs [10].



An increasing share of ORC research acknowledges the importance of the economic perspective and includes an economic discussion. More and more, the investment costs of technical designs are estimated, yet only few papers discuss the implications of the results and even less debate its accuracy and validity. Therefore, this paper aims to complement the largely technical literature with an economic viewpoint. A first version of this work was presented at the ASME ORC 2015 conference [11]. The structure of this article is as follows. Section 2 discusses established cost engineering methods, developed to estimate the investment costs of industrial plants; together with the corresponding expected accuracies. The next section reviews the ORC literature. It gives an overview of the estimated investment costs of ORC systems, for different applications (Section 3). Section 4 demonstrates, and critically compares, the application of multiple cost engineering techniques to estimate the investment costs of an existing heat recovery ORC project. A final section discusses the results and makes some concluding remarks.




2. Cost Estimation for Industrial Plants


The up-front estimation of the investment costs of a new plant is a challenging task, iterating as the design evolves to increased detail. Plant estimates are classified according to their level of detail and thus their accuracy (Table 1). The accuracy ranges indicate variations regarding technological complexity of the project, suitable reference information, and an appropriate determination of project contingencies [12]. The ranges represented in Table 1 are applicable for process industry projects [12]. Underestimation of capital costs occurs mainly due to incomplete listing of all the equipment needed in the process [13]. An increasing level of detail implies a smaller accuracy range, but similarly an increasing amount of effort and labor hours to make the estimate. Estimates performed in research are generally order-of-magnitude, study and preliminary design estimates.



The equipment needed for construction of the plant is at the core of most cost estimates. The best approach for the purchase cost of a piece of equipment is a current vendor’s price quote. Data from previously bought but similar equipment are the next best [13]. When the costs of a component are known but its capacity differs from that of the to-be-estimated component, the costs can be roughly estimated using the correlation


      c a     c b    =      (     A a     A b     )   n    



(1)




where   c   and   A   respectively represent the purchase costs and the equipment cost attribute of the required component (    c a     and     A a    ) and the known component (    c b     and     A b    ) and   n   is the exponent used to correlate the costs. This exponent   n   differs per type of equipment, but it is often close to 0.6 for the chemical industry. Therefore this extrapolation method is sometimes referred to as the six-tenths rule. It provides only rough approximations of the actual costs. In case no purchased equipment costs are known, but technical details are available, the costs can be estimated using equipment cost correlations. Guidance, exponents and correlations for various types of process equipment are provided by i.a. Bejan et al. [14], Couper et al. [15], Smith [16], Towler and Sinnot [17], Turton et al. [13].



The total capital investment of a project can be estimated using various techniques. A simple method is to use a capacity exponent ratio, similarly as previously described for equipment cost estimates. The costs of a planned plant are estimated using the known costs of a similar previously constructed plant. The accuracy of this method is rather low. It should be used for order-of-magnitude or study estimates only [18]. Step count methods take a different approach and utilize the number of functional units or plant sections as a basis to estimate total investment costs. This method is designed for use in the chemical process industry and not so suitable for usage in other manufacturing fields. The accuracy would be in the range of order-of-magnitude estimates [17]. Thirdly, factorial estimation techniques are based on the costs of the major purchased equipment items and apply multiplication factors to obtain the total capital investment. The Lang Factor method is probably the first factorial method. Lang suggested multiplying the total delivered costs of the major equipment parts with a factor that differs according to the type of process. The factors are available for solid, fluid and mixed fluid-solid processing chemical plants [17]. The Lang Factor technique utilizes only one multiplication factor and is therefore expected to yield lower accuracies, it is suggested to use for order-of-magnitude estimates [18]. The Lang Factor method has been adapted numerous times since then. For instance, Hand suggested utilizing multiplication factors for the equipment types instead of the plant type [17]. The utilization of multiple factors implies more detail, but this method would probably still not provide very good accuracies. The detail of the estimate can be improved further using cost factors for different items related to direct costs (erection of equipment, piping, electrical, instrumentation and control, buildings and structures, ancillary buildings, storage, utilities, site preparation). Dividing the process into subunits and applying factors per subunit function improves the estimate’s accuracy and reliability [17]. An even more detailed estimate is suggested by Guthrie and accounts for the installation, piping and instrumentation costs of each equipment item individually. Inclusion of a factor for the equipment materials used is said to improve accuracy even more [17]. Still, these estimates would have the accuracy of preliminary estimates. Another, somewhat different, factorial method calculates the direct fixed costs and total investment costs as percentages of the delivered-equipment costs. The factors used depend i.a. on the process type, design complexity, location and experience. This percentage of delivered-equipment method is suitable for study and preliminary estimates [18]. When the goal is to achieve more detailed estimates than the ones formerly described, this requires more detailed information and engineering effort. For instance, the unit cost method is used for preliminary and definitive estimates. The method requires accurate information on costs from previous projects, detailed estimates of equipment prices, installation labor, instrumentation, electrical and other miscellaneous items. Also engineering hours, drawing efforts, construction, contractor’s fee and contingencies are included. This can yield relatively accurate results but requires sufficiently detailed information and engineering time [18]. Detailed item estimates, with high accuracies, generally concern advanced project plans. At this stage, most details of the project are known, the drawings are finished and the estimates are based preferably on delivered quotations. For most research and development projects, both definitive and detailed cost estimates would range beyond the scope of the project and the information available. Preliminary estimates are feasible, but the accuracy of the results relies strongly on the quality of the information (i.e., factors) used.



Finally, the costs of materials and labor are subject to inflation which implies cost figures from different years are not directly comparable. The most straightforward manner to update historical data is by means of composite cost indices, using the equation


    c j  =  c i  ×  (     I j     I i     )    



(2)




where     c j     and     c i     refer to the costs in year   j   and   i   respectively, and Ij and     I i     are the cost indices for the respective years. These composite indices are a weighted average index of various components costs commonly used in a particular industry. Updating cost data using cost indices is acceptable for only shorter periods of time, some say four to five years [19]. The accuracy of the results decreases when longer time periods are used.




3. ORC Investment Costs: A Brief Literature Review


The body of literature on ORC systems and applications grows quickly with over 1700 references registered in the Web of Science, of which more than one third published since 2015. The importance of the economic perspective is recognized and increasingly taken along in engineering studies. The goal of this section is to give an overview of this ORC cost estimation literature. At the basis of financial-economic project analyses are the annual cash flows, composed of the capital investment and annual expenses and revenues. The capital investment is the one-time cost occurring at the beginning of the project. It includes the costs directly associated with the system (equipment, materials, labor etc. required for the equipment and the installation thereof), indirect costs (engineering, construction costs and contingencies) and other outlays (such as startup costs, working capital, etc.) [14]. At the core of an ORC project’s capital investment are the components of the ORC module itself: evaporator, expander and generator, condenser and pump. The costs for integration of the ORC module into an existing plant (e.g., for heat recovery applications) or with the equipment necessary for the system’s fuel supply vary according to the type of application. The annual expenses for ORC projects depend on the type of application and the location, but are generally of lesser importance than the investment costs. Thus, insight in the investments costs is essential to evaluate the financial feasibility of an ORC system.



Reviewing the literature reveals a variety of approaches used to evaluate ORC investment costs. Some assume a value for the ORC costs (such as [20,21,22,23,24,25,26]). However representative the assumptions and insightful the analyses, these cost figures ought not to be confused with real costs. Only very few publications provide insight into the costs of actual ORC systems (e.g., [27,28,29]). Others estimate the costs through extrapolation from known costs of components or other ORC systems or via professional cost estimators (e.g., [30,31]). An increasing amount of researchers estimate the costs of components based on equipment correlations, using either percentages ([32]) or multiplication factors ([33,34,35]) to estimate the total project costs based on the module/equipment costs. Techno-economic ([22,36,37,38,39,40,41]) as well as thermo- or exergoeconomic ([33,42,43,44]) methods are used to simultaneously analyze technical and economic aspects and tradeoffs.



Figure 1 displays a review of published data on estimated ORC investment costs. The specific investment costs (SIC) are presented as a function of capacity, plotted on a log-log scale for better representation. Within the scope of this paper, only papers that estimate ORC investment costs have been included. The following selection criteria were applied: (a) the paper performs a bottom-up estimate of ORC costs, using various techniques; (b) the power output of the ORC system is given and (c) the paper presents the resulting SIC or the total investment costs of the ORC system. This implies that Figure 1 includes no real ORC costs and that cost estimates with incomplete information could not be incorporated. The data has been categorized according to the scope of the system and the heat source. The scope refers to either an ORC module (M), which comprises only the essential components of the ORC itself without integration or installation, or an ORC project (P), including all expenses needed to integrate and install the ORC module into an existing plant or with the fuel conversion equipment. The heat sources are classified into the four groups geothermal, biomass, heat recovery, and solar. To allow for comparison, the costs are converted to euros and updated to 2014 values, using the Chemical Engineering Plant Cost Index (CEPCI). Figure 1 plots the results; suggesting decreasing SIC for increasing power output. These findings are in line with the trend reported by Quoilin et al. [45]. Scattering of the data for similar power outputs is due to different ORC designs, system delineations and estimation approaches. Solar ORC systems are most reported for smaller capacities, whereas geothermal systems are commonly larger scaled. The solar ORCs tend to have higher SICs, with an average of 21 k€2014/kW for the projects and 7.4 k€2014/kW for the modules. The estimated geothermal ORCs have an average SIC of 3156 €2014/kW for complete projects and 1149 €2014/kW for modules. The heat recovery ORC systems are more represented in the middle range, with estimated module costs around 2781 €2014/kW (Average calculated excluding the micro-scale diesel engine recovery ORC systems of Yang et al. [46]. Including these gives an average heat recovery module SIC of 12,149 €2014/kW.) and averaging project costs of 3414 €2014/kW. Note that the lower costs for modules than for projects are the result of averaging, but the result is in line with the finding that there are less distinct differences between module and project costs. No biomass modules are included in the data, but biomass projects are estimated in the same order of magnitude (3054 €2014/kW) as heat recovery systems. Recall that all the values in the graph and these averages are the result of estimates, where different estimations methods and scopes are used. These do not necessarily reflect real ORC system costs and should not be generalized as such.



Figure 1 contains only those references for which information about both the investment costs and the power output was given. Other valuable contributions are made by, for instance, Quoilin et al. [71] who perform a thermo-economic optimization of ORCs for waste heat recovery. They obtain SIC values between 2136 and 4260 €/kW, depending on the fluid operated, for small scale (<5 Wnet) systems. An important conclusion from their work is that the operating point yielding maximum power does not coincide with that of minimal SIC. Similarly, Imran et al. [72] utilize thermo-economic optimization to compare cycle setups. The SIC values are in the range of 3274 to 4155 €/kW for the basic ORC, 3453 to 4571 €/kW for the single stage regenerative ORC and 3739–4960 €/kW for the double stage regenerative ORC, depending on the working fluid operated. Unfortunately no indication was given on the power range. Walraven et al. [73] investigate air-cooled geothermal ORC systems. No exact specific investment costs numbers are presented, but the impact of various factors, such as brine inlet and outlet temperatures, pressure levels, electricity prices, discount rates and electricity price evolutions, on the economics of the ORC project are demonstrated. Heberle and Brüggemann [34] perform a thermo-economic evaluation of various zeotropic mixtures for geothermal ORC systems, with SICs between 3076 and 4882 €2014/kW. Other studies could not be included in Figure 1 because the economic values are expressed in €/kWh rather that €/kW, such as in Meinel et al. [74] who perform a considerate comparison of architecture designs at various sizes. The results were calculated for heat sources of 0.5 MWth, 1 MWth and 5 MWth.



The references in Figure 1 all concern estimates of ORC costs; reporting on real ORC costs remains rather scarce. For instance, Leslie et al. [75] discuss the findings of a 5.5 MW ORC system applied for heat recovery from a gas turbine driving a natural gas pipeline compressor. The system was monitored extensively for one year, and the capital costs of the system constitute approximately 2500 €/kW. A 400 kW biomass ORC combined heat and power system installed in 1999 in Admont, Austria had an investment cost of about 3.2 million € [27]. The relatively high investment costs are due to the fact that this was the first biomass ORC power plant in the European Union. In 2009, prices for biomass fueled ORC systems are published in the range of 4500 €/kW for an 1803 kW system to 10,200 €/kW for a 345 kW system [28]. A heat recovery ORC plant installed in Adana, Turkey had an investment cost of $ 500,000 for 260.4 kW capacity, but the installation date is unknown [29].




4. Comparing the Estimated and Actual Costs of a Heat Recovery ORC System


This section presents the results of various cost estimation approaches to give a perspective on their methodology and accuracy. First of all, the investment costs of an actual heat recovery case are discussed. Then, the costs of this case study are estimated using both the costs of other ORC systems as well as the technical parameters of the case study itself.



4.1. Case Study: ORC for Industrial Heat Recovery


The ORC system was installed in 2013 in Flanders, Belgium to recover excess heat from an industrial plant. The excess heat is a low-medium temperature (range 150–250 °C) flue gas stream from an industrial kiln. The ORC module was integrated into the plant using an intermediate thermal oil circuit including a flue gas heat exchanger. The ORC unit itself has a gross power output of 375 kW and is composed of a centrifugal pump, a one-step radial expander and a generator. The evaporator is a plate heat exchanger and condensation occurs air-cooled. The project has a SIC of 4216 €2013/kWgr, including integration (oil circuit, piping …) and installation (delivery, construction and project management). Figure 2 displays the partitioning of the capital costs. A major share of total costs stems from the ORC module itself, which includes the pump, expander and generator. The intermediate thermal oil circuit represents about 11% of total investment costs.




4.2. Using Cost Data of Other Systems: The Capacity Exponent Ratio Method


Using the capacity exponent ratio method, the costs of a piece of equipment or a complete project are estimated based on knowledge about the costs of a similar system from a different capacity or scale. For instance, Ghirardo et al. [58] investigate the options to recover heat from onboard fuel cell systems, including an ORC system. The reference ORC module costs € 1,675,000 for 1115 kW output, including an intermediate thermal oil system the total investment costs of the reference plant are calculated as € 2,345,000. Using an exponent of 0.867, the capital investment of the 35 kW system is estimated at € 117,000:     c a  =    c b    (     A a     A b     )  n  = 2,345,000   (     A a    1115    )  0.876  = €   117,000   . Unfortunately, there is no information on the time frame in which the reference price is collected.



Several questions arise when performing a cost estimate with the Capacity Exponent Ratio. First of all, which ORC system is best to use as reference case? The most appropriate to use is a system with similar characteristics, but the available information on real ORC costs is scarce. A possible reference case for the study in this paper is given by for instance Forni et al. [57], who give insight into the feasibility of potential example cases based on cost data from an experienced manufacturer. Alternatively, David et al. [56] discuss two potential heat recovery case studies. The costs of the system are roughly gauged using prices of existing ORC modules and estimated additional costs for integration and installation. For the steel mill project, two ORC units would be needed to obtain 250 kWgr output, at a cost of 500 €/kWe for the units and 1080 €/kW for the complete project. A third option is a budget offer made to the City of Unalaska in 2012, which states a price of k$ 185 for a 50 kW unit, to be used for heat recovery [76]. The complete project, including labor and other project contingencies, is quoted at k$ 1889 [76]. Finally, a 5.5 MW heat recovery demonstration project installed in 2006 in the USA had a cost of 2500 $/kW [75,77]. Besides a reference case, the Capacity Exponent Ratio method requires a suitable exponent for the scaling. The commonly derived exponent for the chemical engineering industry is 0.6; Ghirardo et al. [58] use 0.867. Due to lack of sufficient data to calculate an exponent for ORC heat recovery systems specifically, the standard exponent of 0.6 is used for this analysis. The results of the cost extrapolation are displayed in Table 2, using the investment costs available in each of the discussed potential references [55,57,75,76,77].



The project costs are calculated for information purposes, but because the integration requirements are so different per case these cannot be compared to the costs of the case study. The module costs of the 375 kW case study are estimated between 1653 and 3337 €2013/kW, with an average of 2288 €2013/kW. This variation can have various origins, such as manufacturer experience or margins, inclusion of freight or engineering costs or not. Comparing these results to the costs of the case study, we would have expected case no. 6 to yield good results since the heat recovery setup and the suggested ORC module are similar to that of the case study. Similarly, case no. 7 concerns an actual budget quote and was expected to be representative. Although case no. 6 and 7 lead to mutually similar results, there is a large deviation with the 3280 €2013/kW of the real case. This, again, can be due to the specific sales circumstances, due to the fact that the estimated costs do not take account of some essential costs or perhaps due to overpricing of the real case. Because the detailed cost decomposition of the reference cases is not sufficiently known, it is not possible to obtain very accurate estimates or comparisons. Thus, the capacity exponent ratio method can be used only for order-of-magnitude or study estimates [18]. The accuracy of this estimation method for ORC investments may increase as more and sufficiently detailed knowledge about actual ORC systems is published.




4.3. Using Technical Parameters of the System: Factorial Estimation Techniques


Factorial costs estimation techniques use information about the technical details of the designed system itself, rather than cost information of other but similar systems. Again, the purchased equipment costs form the basis of the total investment costs, but these are now estimated using cost correlations for all major equipment items. The total investment costs are then derived from these purchased equipment costs, using either multiplication factors or percentages.



4.3.1. Estimating the Purchased Equipment Costs


The costs of the major equipment items are commonly estimated from publicly available equipment cost correlations, which have been established for a large number of commonly used industrial equipment. For ORC systems, the major equipment items are the basic components: the evaporator, expander and generator, condenser and pump. Because there is little information about the component costs of actual ORC systems, most researchers use publicly available correlations for standard equipment items. For instance, Lee et al. [62] were early to use component correlations to estimate the costs of an ORC heat recovery system. Quoilin et al. [71] combine correlations from literature [14] with self-derived ones. Walraven et al. [49] combine correlations from various sources [16,17,78] for their analysis. Desai and Bandyopadhyay [79] combine correlations from various ORC research papers. An increasing number of researchers utilize the correlations from Turton et al. [13] for ORC cost estimation (e.g., [36,46,47,48,50]).



A similar procedure is performed to estimate the purchased equipment costs of the case study discussed in this paper. Knowing the technical parameters of the system, the component costs are estimated from publicly available correlations. The evaporator, expander and pump costs are calculated from the correlations of Turton et al. [13], of the form


     lg   10    C p 0  =  K 1  +  K 2    log   10    ( A )  +  K 3    [   log   10    ( A )  ]  2    








with     C p 0     being the purchased equipment costs at ambient pressure and using carbon steel,   A   the equipment attribute and     K 1    ,     K 2     and     K 3     the coefficients determined for the type of equipment [13]. The condenser fan costs are estimated with a correlation from Smith [16] and for the generator the function available in Toffolo et al. [48] is applied. The coefficients and correlations are summarized in Table 3. All estimates are converted to 2013 Euros to allow for comparison with the actual costs of the case study. The correlations from Turton et al. [13] yield values in USD2001. These are converted to Euros using a 1.1162 exchange rate (average 2001) and updated to 2013 using the Chemical Engineering Plant Cost Index (CEPCI), with CEPCI2001 and CEPCI2013 values of 397 and 587.3 respectively. The results obtained from Smith [16] are converted from USDJan,2000 to €2013 using an exchange rate of 0.9857 (average Jan 2000) and CEPCI2000 equal to 394.1. The correlation from Toffolo et al. [48] is in Euros and was first published in 1993, so a CEPCI1993 of 359.2 was used.



The results of the cost estimate are presented in Table 4. The module costs of the case study, composed of the components but without integration costs, amount 3280 €2013/kW. The SIC are estimated at 1843 €2013/kW when only the essential ORC components are considered. These costs are often interpreted as the costs for the ORC module, but are significantly lower (−44%) than the actual figure. However, this comparison may not be completely justified because part of this difference could be due to the fact that the real module costs already include additional costs such as freight, engineering or instrumentation. Estimating the purchased equipment costs as the ORC module costs can give a first proxy but will likely underestimate the real detailed composition of the ORC module.



A comparison of the real (a) and the estimated (b) component costs for the case study is presented in Figure 3. The ORC module is composed of the evaporator, condenser and the ORC unit which includes the expander, generator and pump. These are the purchased equipment costs excluding integration and other additional costs. Figure 3 demonstrates not only the difference between the real and the estimated costs, but also highlights the significant divergence of the cost distributions. The expectation was that there could be a deviation in the absolute values, but that the cost distribution would be more representative. Nevertheless, there are large discrepancies. For instance, the evaporator constitutes only 10% of the real purchased equipment costs but is estimated at a 45% share. The ORC unit, including expander, generator and pump, represents 69% of actual purchased equipment costs but its share is estimated at 47%.




4.3.2. Estimating the Total Investment Costs: Multiplication Factors


The utilization of a multiplication factor to account for direct (purchased equipment, piping, instrumentation and controls …) and indirect (engineering and supervision, construction, contingencies) costs is attributed to Lang. The method has been adapted several times throughout the years aiming for better, more accurate results. Also for ORC research cost estimation this technique is more often used: the total investment costs are estimated using the estimated purchased equipment costs. Some multiply the purchased equipment costs by a factor of 6.32 to obtain the total investment costs (e.g., [33,34,35]), as suggested by Bejan et al. [14]. Note that this 6.32 multiplication factor is suggested for the erection of new systems; for expansion of existing systems a factor of 4.16 is proposed [14]. Nevertheless, such a general multiplication factor fails to take account of the project specific integration requirements. The necessary piping, heat exchange or other intermediate equipment differs strongly per case, but also per type of application. For new geothermal projects the integration requirements are very likely much higher than for heat recovery projects where the base plant is already operational. Suppose the 4.16 multiplication factor, for expansion of existing systems, is used to estimate the case study’s costs. Using the estimated purchased equipment costs of 1843 €2013/kW as a basis, this would give a total investment cost of 7667 €2013/kW. This is a deviation of 82% from the actual 4216 €2013/kW.



Other factorial approaches are applied by for instance Huang et al. [38,39], who use the ECLIPSE program, designed for technical, environmental and economic process analysis, to estimate the costs of the proposed biomass ORC systems. Finally, the module costing technique illustrated by Turton et al. [13] is a commonly used factorial cost estimation method based on the approach of Guthrie [13]. It is increasingly applied in ORC research (see e.g., [47,48,50,61,62,65]). This technique is suitable for preliminary estimates in the −20% to +30% accuracy range. The costs of the major purchased equipment parts are estimated based on technical characteristics, as described in Section 4.3.1 [13]. These base costs     C p 0     are multiplied with the bare module cost factor     F  BM     , which accounts for operating pressures and specific materials of construction, as well as direct and indirect project expenses. This yields the bare module costs     C  BM      [13]:


    C  BM   =  C p 0   F  BM     











The project costs     C  TM      (referred to as the total module costs in [13]) include the integration of the plant into an existing facility. They are obtained by adapting the bare module costs with another multiplication factor:


    C  TM   =   1.18   ∑   i = 1  n   C  BM , i     








where   n   is the total amount of equipment parts [13].



This approach is applied to estimate the total project costs of the case study, starting from the purchased equipment costs estimate in Section 4.3.1. Accounting for the used materials and pressures, the direct (equipment, installation materials and labor) and indirect (freight, insurance, taxes, overhead and engineering expenses) costs associated with the project yields a specific bare module cost of 4390 €2013/kW. Finally, the total module costs include also contingencies and contractor fees and auxiliary facilities. They are obtained by multiplying the bare module costs with a factor 1.18 and are estimated at 5180 €2013/kW. The results are shown in Table 5. Based on these estimates the ORC total module costs are almost three times as high as the costs of the module itself, composed of the major equipment items.



The real project costs are composed of the equipment, but also the costs for integration and installation and amount 4216 €2013/kW. The estimated total module costs amount 5180 €2013/kW, which is 23% higher. These total module costs are commonly interpreted as the total costs associated with an ORC project, including the ORC module itself and its integration into an existing plant or into the facilities for conversion of the energy source. However, these total costs have been obtained using multiplication factors that have been established based on other industrial applications. In practice, the actual requirements for integration differ per application. For this heat recovery case study, the integration involved an intermediate thermal oil circuit and associated piping. The integration costs and the costs charged by the ORC vendor to install the system amount 22% of the total project costs. For the estimate the module costs represent only 35.6% of the total, the remainder interpreted as the integration and other project costs.




4.3.3. Estimating the Total Investment Costs: Percentages of Delivered Equipment Costs


The percentages of delivered equipment approach starts from the purchased equipment costs and calculates the other cost factors as percentages of the former. The methodology and applicable percentages are illustrated by Bejan et al. [14] and Peters et al. [18]. The applied percentages are based on the average percentages suggested by Bejan et al. [14]. Starting from the estimated purchased equipment costs of 1843 €2013/kW, the total investment costs are estimated as shown in Table 6. The resulting value of 7608 €2013/kW is much higher than the actual costs, but close to the 7667 €2013/kW obtained with the simple 4.16 factor multiplication demonstrated in Section 4.3.1. This is not surprising, since the general multiplication factors proposed by Bejan et al. [14] have been derived from this percentage approach.






5. Discussion and Conclusions


The adoption and diffusion of innovative technologies is strongly influenced by economic aspects. For ORC systems, the capital costs have a major influence on the financial feasibility of the investment project. The importance of the economic dimension is increasingly recognized and an expanding number of researchers incorporate an economic chapter in their work. Because there is still not much published information about the actual costs of ORC systems and their components, the capital costs of the proposed designs are estimated from publicly available component correlations or aggregated cost data. The aim of this paper is to provide a perspective on these cost engineering techniques and their applicability for of ORC systems.



The various methods available to estimate the capital costs of industrial equipment are concisely outlined. In case the costs of a similar piece of equipment or a similar plant are available, the required costs can simply be estimated through exponential scaling (capacity exponent ratio method). More detailed estimates use factorial estimation techniques, with cost correlations and coefficients based on experience and a larger number of reference units. However, any up-front cost estimate should be considered with respect to its expected accuracy range. Simpler methods require less effort but yield lower accuracy. High accuracies are possible with definitive and detailed estimates, but these require a far-reaching detail of plant design. Cost estimates pursued in the frame of research generally achieve accuracies in the range of order-of-magnitude, study or preliminary estimates. Subsequently, a literature review concerning the results of ORC investment cost estimates reveals a trend of decreasing specific investment costs for larger capacities. Geothermal systems tend to be larger; solar systems are mostly small and can have very high specific investment costs. The variability in estimation results stems from differing estimation approaches or scopes. Finally, the investment costs of an actual heat recovery case study are outlined and used to benchmark various cost estimation techniques. Estimating the costs via scaling of similar systems gives estimated module costs between 1653 and 3337 €2013/kW and applying commonly used component cost correlations yields an estimated purchased equipment cost of 1843 €2013/kW. The module costs of the actual system amount 3280 €2013/kW. Estimating the total investment costs yields 7667 €2013/kW when one single factor is used, 5180 €2013/kW when the module costing technique is applied and 7608 €2013/kW for estimation via the percentages of delivered equipment method. The actual total investment costs amount 4216 €2013/kW. Note that this analysis compares the estimated and real costs for only one case study, so the results should not be generalized. For instance, Toffolo et al. [48] perform a similar analysis and they report only a very small difference between estimated and actual costs.



There are several potential reasons for deviations between actual and estimated investment costs. First of all, capacity exponent ratio methods have expected accuracies suitable for order-of-magnitude or study estimates, factorial estimation methods such as the module costing technique are suitable for preliminary estimates. A deviation of −50% to +100% for the former and −20% to +30% for the latter is therefore not uncommon. The best results are obtained with the module costing technique, but the correlations and multiplication factors have been established for other applications. Development of correlations and multiplication factors for ORC technology in particular is likely to improve the quality of the estimates.



Second, the accuracy of factorial estimation methods depends strongly on the quality of the information that was used to establish the multiplication factors. Because there is little public information about the actual costs of ORC systems and their components, approximations from other industrial fields are used. The accuracies of ORC cost estimates could increase as more technology-specific cost information becomes available.



Additional inaccuracies and uncertainties stem from treatment of costs over time periods. Extrapolation of costs over large periods of time decreases the accuracy of the results. Most of the open-source correlations available in text books are at least nine years old and thus provide less accurate results. Moreover, some of these references refer back to original factors and correlations published by Guthrie in 1969 or 1974 and updated with few recent data points or using cost indices. This makes these correlations less reliable. Also, the choice of indicator for cost escalation and local conditions may have an influence and create additional deviations.



Furthermore, it is important to acknowledge the difference between costs and prices. Costs reflect the amount that is required to produce a certain item; the price is the amount you pay to purchase it. The costs associated with producing an ORC system will thus differ from the price paid to acquire that system. Many correlations used to estimate costs are obtained using vendor prices. In cases where the ORC developer would purchase most equipment instead of developing, it this is not a problem. For innovative system designs (e.g., expanders) this method would be less suitable.



Finally, for the specific case of ORC projects the costs depend strongly on the type of application. Whereas the estimated “total module costs” are often interpreted as the complete ORC project costs, these are all using the same multiplication factors and fail to take account of the diversity of integration requirements. ORC projects using biomass, geothermal, solar or excess heat have different integration requirements and corresponding costs. These multiplication factors have been established for applications in mostly the chemical engineering industry, so their use for other industries may be less reliable.



These findings have several implications. First and foremost, estimated cost figures should be accompanied by accuracy ranges and a discussion on the reliability of the used methods. This to avoid misinterpretation of the validity of the results. The correlations that are currently available are useful to mutually compare various system designs, where the proportional comparison is more important than the exact outcomes. The results are relative rather than absolute. Secondly, proper delineation of the scope of the investigation is key to enhance usability and comparability of the results. This relates to defining whether the module or the project costs are considered, and which cost aspects are included or not, as well as providing a date stamp for any cost figure. Finally, estimating the total investment costs of an ORC project by extrapolation or multiplication does not take into account the case-specific integration requirements. These are more difficult to estimate because of their diversity, but could be approximated when there are sufficient real data to identify average multiplication factors per application type. Estimating the purchased equipment costs is essential to investigate the ORC module costs, but the result can be an underestimation of the actual figure.
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The following abbreviations are used in this manuscript:



	AFUDC
	Allowance for funds used during construction



	CEPCI
	Chemical Engineering Plant Cost Index



	DFCI
	Direct fixed-capital investment



	FCI
	Fixed-capital investment



	IFCI
	Indirect Fixed-Capital Investments



	M
	Module



	OFSC
	Offsite costs



	ONSC
	Onsite costs



	ORC
	organic Rankine cycle



	P
	Projects



	PEC
	Purchased-equipment cost



	SIC
	specific investment costs



	A
	equipment cost attribute



	C
	costs



	I
	cost index



	a, b
	component



	gr
	gross



	i, j
	year



	n
	scaling exponent for correlating costs
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Figure 1. Estimated costs of ORC Projects (P) and Modules (M) in literature, in 2014 Euros. Sources: [23,32,33,35,38,39,40,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70]. 
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Figure 2. Diagram of the investment costs of the ORC case study. 
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Figure 3. Real (a) and estimated (b) purchased equipment costs. 
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Table 1. Classification of capital cost estimates [12,13].
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Class

	
Type of Estimate

	
Description

	
Accuracy Ranges






	
5

	
Order-of-magnitude estimate (also Ratio/Feasibility)

	
Based on limited information.

	
Low: −20% to −50%




	
Concept screening.

	
High: +30% to +100%




	
4

	
Study estimate (also Major Equipment/Factored)

	
List of major equipment.

	
Low: −15% to −30%




	
Project screening, feasibility assessment, concept evaluation, and preliminary budget approval.

	
High: +20% to +50%




	
3

	
Preliminary design estimate (also Scope)

	
More detailed sizing of equipment.

	
Low: −10% to −20%




	
Budget authorization, appropriation, and/or funding.

	
High: +10% to +30%




	
2

	
Definitive estimate (also Project Control)

	
Preliminary specification of all the equipment, utilities, instrumentation, electrical and off-sites.

	
Low: −5% to −15%

High: +5% to +20%




	
Control or Bid/Tender.




	
1

	
Detailed estimate (also Firm/Contractor’s)

	
Complete engineering of process and related off-sites and utilities required.

	
Low: −3% to −10%

High: +3% to +15%




	
Check Estimate or Bid/Tender.
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Table 2. Cost estimation using the capacity exponent ratio method.
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No.

	
Reference Case

	
Reference Gross Power (kW)

	
Reference Module SIC

	
Reference Project SIC

	
Estimated Module SIC (€2013/kW)

	
Estimated Project SIC (€2013/kW)






	
1

	
[57]

	
1100

	
1818 €2012/kW

	
2818 €2012/kW

	
2796

	
4334




	
2

	
[57]

	
1300

	
1154 €2012/kW

	
2923 €2012/kW

	
1897

	
4806




	
3

	
[57]

	
5300

	
943 €2012/kW

	
3321 €2012/kW

	
2721

	
9579




	
4

	
[57]

	
5400

	
1148 €2012/kW

	
2593 €2012/kW

	
3337

	
7535




	
5

	
[57]

	
160

	
2594 €2011/kW

	
3375 €2011/kW

	
1845

	
2401




	
6

	
[57]

	
250

	
2080 €2011/kW

	
4320 €2011/kW

	
1769

	
3673




	
7

	
[76]

	
50

	
3700 USD2012/kW

	
-

	
1653

	
-




	
8

	
[76]

	
150

	
-

	
12,596 USD2012/kW

	
-

	
8731




	
9

	
[75,77]

	
5500

	
-

	
2500 USD2006/kW

	
-

	
7319
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Table 3. Coefficients and correlations for estimation of the purchased equipment costs.
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Component

	
Coefficients and Correlations

	
Reference






	
Evaporator

	
    K 1  = 4.6656   

	
    K 2  = − 0.1557   

	
    K 3  = 0.1547   

	
[13]




	
Expander

	
    K 1  = 2.2476   

	
    K 2  = 1.4965   

	
    K 3  = − 0.1618   

	
[13]




	
Pump

	
    K 1  = 3.3892   

	
    K 2  = 0.0536   

	
    K 3  = 0.1538   

	
[13]




	
Condenser

	
    C p 0  =   12,300 ×    (   Q  50    )    0.76      with Q in kW

	
[16]




	
Generator

	
    C p 0  = 1,850,000 ×    (   P  11,800    )    0.94      with P in kW

	
[48]
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Table 4. Factorial estimation of the purchased equipment costs.







Table 4. Factorial estimation of the purchased equipment costs.







	
Component

	
    C p 0     (€2013)






	
Evaporator

	
313,539.06




	
Expander

	
187,773.74




	
Pump

	
16,370.16




	
Condenser

	
47,325.76




	
Generator

	
126,282.44




	
Total

	
691,291.16




	
Specific investment costs (€2013/kWgr)

	
1843.44
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Table 5. Total investment costs estimation with the Module Costing Technique [13].







Table 5. Total investment costs estimation with the Module Costing Technique [13].







	
Component

	
    C p 0     (€2013)

	
    C  B M      (€2013)

	
    C  T M      (€2013)






	
Evaporator

	
313,539.06

	
680,379.76

	




	
Expander

	
187,773.74

	
657,208.08

	




	
Pump

	
16,370.16

	
53,039.31

	




	
Condenser

	
47,325.76

	
66,256.07

	




	
Generator

	
126,282.44

	
189,423.67

	




	
Total

	
691,291.16

	
1,646,306.89

	
1,942,642.13




	
Specific investment costs (€2013/kWgr)

	
1843.44

	
4390.15

	
5180.38
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Table 6. Total investment costs estimation using percentages of delivered equipment costs.







Table 6. Total investment costs estimation using percentages of delivered equipment costs.







	
Cost Breakdown

	
Percentage Range

	
Applied Percentage

	
Cost Estimate (€2013/kW)






	
1. Fixed-capital investment (FCI)

	

	




	
 1.1. Direct fixed-capital investment (DFCI)

	

	




	
  1.1.1. Onsite costs (ONSC)

	

	




	
   Purchased-equipment cost (PEC)

	
15%–40% of FCI [14,18]

	
/

	
1843.44




	
   Purchased-equipment installation

	
6%–14% of FCI; 20%–90% of PEC [14,18]

	
45% of PEC [14]

	
829.55




	
   Piping

	
4%–17% of FCI; 3%–20% of FCI;

10%–70% of PEC

	
31% of PEC [14]

	
571.47




	
   Instrumentation and controls

	
2%–12% of FCI; 2%–8% of FCI;

6%–40% of PEC

	
10% of PEC [14]

	
184.34




	
   Electrical equipment and materials

	
2%–10% of FCI; 10%–15% of PEC

	
11% of PEC [14]

	
202.78




	
  1.1.2. Offsite costs (OFSC)

	

	




	
   Land

	
1%–2% of FCI; 0%–2% of FCI;

0%–10% of PEC

	
/

	
0




	
   Civil, structural, and architectural work

	
5%–23% of FCI; 15%–90% of PEC

	
44% of PEC [14]

	
811.11




	
   Service facilities

	
8%–30% of FCI; 30%–100% of PEC

	
20% of PEC [14]

	
368.69




	
   Buildings

	
2%–18% of FCI

	
/

	
0




	
   Yard improvements

	
2%–5% of FCI

	
/

	
0




	
 Total DFCI

	

	

	
4811.38




	
 1.2. Indirect Fixed-Capital Investments (IFCI)

	

	




	
   Engineering and supervision

	
4%–20% of FCI [18]; 4%–21% of FCI [14];

6%–15% of DFCI [14]; 25%–75% of PEC [14]

	
30% of PEC [14]

	
553.03




	
   Construction costs including contractor’s profit

	
4%–17% of FCI [18]; 6%–22% of FCI [14];

15% of DFCI [14]

	
15% of DFCI [14]

	
721.71




	
   Contingencies

	
5%–15% of FCI [18]; 5%–20% of FCI [14];

8%–25% of all direct and indirect costs, without legal costs [14]

	
10% of FCI [14]

	
691.60




	
   Legal costs

	
1%–3% of FCI [18]

	
2% of FCI [14]

	
138.32




	
 Total IFCI

	

	

	
2104.66




	
2. Other outlays

	

	

	




	
   Startup costs

	
5%–12% of FCI [14]

	
10% of FCI [14]

	
691.60




	
   Working capital

	
10%–20% of TCI [14]

	
/

	
0




	
   Costs of licensing, research, and development

	
/

	
/

	
0




	
   Allowance for funds used during construction (AFUDC)

	
/

	
/

	
0




	
Total capital investment

	

	

	
7607.65










© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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