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a b s t r a c t The increasing diffusion of small-scale energy systems within the distributed generation (DG) paradigm is raising the need for studying the environmental impact due to the different DG solutions in order to assess their sustainability. Addressing the environmental impact calls for building speciﬁc models for studying both local and global emissions. In this framework, the adoption of natural gas-fueled DG cogeneration technologies may provide, as a consequence of cogeneration enhanced overall energy efﬁciency and of natural gas relatively low carbon content, a signiﬁcant reduction of global impact in terms of CO2 emissions with respect to the separate production of electricity and heat. However, a comprehensive evaluation of the DG alternatives should take into account as well the impact due to the presence of plants spread over the territory that could increase the local pollution, in particular due to CO and NOx, and thus could worsen the local air quality. This paper provides an overview on the characterization of the emissions from small-scale natural gasfueled cogeneration systems, with speciﬁc reference to the DG technologies nowadays most available in the market, namely, microturbines and internal combustion engines. The corresponding local and global environmental impacts are evaluated by using the emission balance approach. A numerical case study with two representative machines highlights their different emission characteristics, also considering the partial-load emission performance. Ó 2008 Elsevier Ltd. All rights reserved.



1. Introduction In recent years, the energy systems have evolved towards increasing adoption of local generation sources connected to various points of the electricity distribution systems, commonly deﬁned as distributed generation (DG) [1–4]. However, the impact of the DG paradigm with respect to the centralized electric power system goes well beyond the electricity-only generation outlook. Indeed, various small-scale (below 1 MWe) thermal prime mover technologies, such as internal combustion engines (ICEs) and microturbines (MTs), allow for exploiting the thermodynamic exceeding heat for on-site production of cogenerated thermal energy. Cogeneration plants, also known as combined heat and power (CHP) plants, are widely acknowledged for their excellent overall efﬁciency in terms of fuel consumption with respect to the separate production (SP) of the same cogenerated energy vectors (namely, heat and electricity) [5,6]. However, for decades cogeneration has been basically limited to industrial and district heating
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applications, mostly due to economy-of-scale reasons [5,7]. On the contrary, the latest years, owing to the progressive market diffusion and performance improvement of MTs and ICEs for DG, are witnessing an increasing deployment of the CHP potentiality also towards small-scale applications; for instance, among the most suitable sites it is possible to mention ofﬁce buildings, hospitals, hotels, residential blocks, swimming pools, universities, shopping malls, and so forth [2,7–9]. The diffusion of DG technologies has been accompanied, at the same time, by a number of research programmes around the world, aimed at improving the performance of small-scale energy systems (see for instance [10]), as well as reducing the emissions from electricity generation. This is due to a host of reasons, above all need for preserving the fossil sources, cutting down of the production of CO2 as a greenhouse gas (GHG), in particular claimed by the Countries signing the Kyoto’s Protocol, and arising of a more mature awareness on several environmental and sustainable development aspects, also from a regulatory point of view [11]. The promotion of DG suits well this scenario, having among its objectives to resort to the use of renewable sources, able to provide energy with a lower impact on the environment. CHP plants, as well known, are often assimilated in several Countries to energy systems fed by renewable sources, and as such they
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Nomenclature Acronym CHG CHP DG DLN GHG ICE LCA LHV MT NMOC NSCR PM SCR SP SVOC UHC THC VOC



list combustion heat generator combined heat and power distributed generation dry low NOx greenhouse gases internal combustion engine life cycle assessment lower heating value microturbine non-methane organic compounds non-selective catalytic reduction particulate matter selective catalytic reduction separate production semi-volatile organic compounds unburned hydrocarbons total hydrocarbons volatile organic compounds



may enjoy regulation incentives [11,12] (Deliberation 42/02 [13] for Italy); this is due to their high overall efﬁciency that allows for enhanced exploitation of the primary energy contained in the fuel. However, whilst basically all CHP plants provide primary energy saving with respect to the heat-and-electricity separate production, and thus potential CO2 emission reduction at a global level [4,14], the impact of a CHP DG system over the environment is an issue to analyze with care, since several components come into play while evaluating the changes induced by the generation system in the surrounding areas, in the climate and in the ecosystems [15,16]. In particular, the diffusion of small-scale DG plants over urban areas might worsen the local air quality [8,17,18], also depending on the characteristics of the stack and of the site; often this aspect is not sufﬁciently addressed when evaluating the environmental impact of DG. Furthermore, despite the importance of the debated issue, ofﬁcial regulations are yet scarcely available in this ﬁeld, which increases the uncertainty from the investors and thus risks to shrink the DG market potentiality. As an additional hurdle, there is also the lack of comprehensive data on the equipment emission characteristics (for instance at partial loads) [19], as well as the intrinsic difﬁculty of drawing general and effective models even for similar equipment [20]. In this work, following the lines drawn in [21], the main performance and emission characteristics of the most widespread smallscale CHP equipment, MTs and ICEs, both natural gas-fed [2,3,22], are presented and discussed. In particular, among the criteria air pollutants limited by law in many Countries (see for instance [23]), the substances considered most hazardous to the human health, namely NOx and CO, are analyzed in detail. The analysis is extended to entail also CO2 because of its GHG characteristics. The environmental impact from natural gas DG CHP systems on both local and global levels is addressed according to the emission balance model [8]. In addition, further considerations regarding possible extension to entail other types of machines as well as fuels by means of a life cycle assessment (LCA) approach [15,24,25] are provided. The concepts of global and local emission balance are highlighted with a numerical case study that illustrates the different local and global environmental impact characteristics, with respect to the separate generation of heat and electricity, of commercially available natural gas MTs and ICEs. A speciﬁc focus is set on the different out-of-design emission behavior from the two technologies, which might change the emissive scenario of the relevant pollutants with respect to the full-load operation.



Subscripts e electricity p pollutant t thermal energy y cogeneration Letters F Q W X m D k l g



fuel thermal content [kWht] heat [kWht] electrical energy [kWhe] generic energy vector [kWh] mass [g] difference operator air ratio emission factor [mg/kWh] efﬁciency



2. Components and models of distributed cogeneration plants 2.1. General structure and components of a small-scale CHP plant A general cogeneration plant scheme is basically composed of a CHP prime mover and an auxiliary combustion heat generator (CHG) plant, as shown in Fig. 1 [26]. The ﬁnal use of the produced energy vectors (heat Q and electricity W) is to supply the user’s needs or to inject the exceeding electricity into the electrical grid, as well as to use the exceeding heat for local purposes or to send it to a district heating network. The prevalent fuel adopted for smallscale applications is natural gas, above all in urban areas, also owing to the broad availability of distribution networks, as well as to the relatively lower environmental impact with respect to other fuels, as pointed out in the sequel. Thus, F indicates the thermal energy contained in the natural gas, based on the fuel LHV. The subscript y, in particular, refers to cogeneration entries. The CHP prime mover is the core of the plant. The technologies nowadays most adopted on a small-scale basis are the MT and the ICE, while fuel cells might play a more important role in the future. If the prime mover is a MT, usually the heat is recovered by means of either hot water or steam, for whose production conventional heat exchangers or recovery boilers can be used [2,8,9,22,27]. If the prime mover is an ICE, hot or superheated water can be produced, as well as steam, by recovering heat from exhaust gases, jacket cooling water, lubricant circuit and intercooler air [2,8,22,27].
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Fig. 1. General CHP plant scheme.
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The auxiliary heat generator group, normally needed for both back-up and peak-shaving applications, is very often gas-ﬁred, typically a group of boilers for hot water or steam production [28]. 2.2. Performance models of small-scale CHP prime movers In order to estimate the fuel consumption of any piece of equipment, it is needed to model its energy performance characteristics in a fashion suitable for the current analysis, often based on timedomain simulations [26]. In particular, the characteristics of CHP prime movers can be described by means of the electrical efﬁciency gW and the thermal efﬁciency gQ, respectively electrical and thermal output to fuel thermal input ratio: gW ¼



W ; F



gQ ¼



Q F



ð1Þ



The two efﬁciencies, in particular the thermal one, depend on the technology, the heat recovery system, the application (the enthalpy level at which the heat must be provided to the user) and the load level (partial-load characteristics) [2,8,9,26]. Fig. 2 presents a typical example of partial-load thermal and electrical efﬁciency curves (‘‘energy balances”), as well as the overall cogeneration efﬁciency, for a gas-fed 60-kWe MT and a 180-kWe ICE. The curves plotted in Fig. 2 are truncated at 50% of the rated electrical output, a threshold below which the performance usually falls consistently (including worsening of the pollutant emissions for most of equipment, usually optimized at full load), so that many manufacturers advice to switch the unit off if the output drops below the 50% point. In general, thermal and electrical efﬁciency curves as the ones shown are given by points by the manufacturers, from which it is possible to ﬁt mathematical models, for instance through linear or quadratic interpolation among the given points. Similar curves can be drawn to characterize the performance of heat generators in terms of thermal efﬁciency, with nominal values ranging from 0.8 to 0.9 and negligible efﬁciency drop within the modulation ﬁeld (30–100% of full load) [26].



CO2 emissions are of major concern because of the GHG characteristics of carbon dioxide. The combustion of different fuels leads to ﬁnal oxidation products (CO2 and H2O) and intermediate partial combustion by-products, whose typical examples are CO, unburned hydro-carbons (UHC), aldehydes, alcohols, and so on [8,19,27,29–32]. The degree of formation of intermediate by-products depends on kinetic aspects such as temperature, oxygen excess, mixing aspects, and so forth. In any case, from the fuel utilization point of view, the greatest part of the fuel reacts completely, and only a little part leads to intermediate products [31–33]. In consideration of the potential hazardous pollutant atmospheric impact, it seems necessary to take into account the intermediates formation; on the contrary, as far as CO2 emissions are concerned, the consideration of a complete conversion of fuel carbon into this gas can be considered as prudential, and in any case, in account of the generally high values of selectivity of combustion towards complete oxidation, the error introduced seems to be almost negligible [31–33]. The most relevant hazardous pollutants from natural gas-ﬁred equipment are CO and NOx (often subject to binding environmental constraints [23,30]). Emission analyses usually include also UHC or total hydrocarbons (THC), composed of a wide range of volatile and semi-volatile organic compounds (VOC and SVOC), some of which may be hazardous. In particular, often non-methane organic compounds (NMOC) are controlled and regulated, due to their capability to react with other chemicals and make up ground-level ozone [19,27,34,35]; CH4, in turn, often remains in traces in the exhausts (especially from natural gas), with a relative amount depending on type of fuel and operating conditions of the equipment [20,31], and it should be in case monitored due to its GHG characteristics. Other criteria air pollutants subject to ambient air limits, such as SOx and particulate matter (PM), can be in ﬁrst approximation neglected in natural gas-fueled equipment [8,19,27,36,37]. 3.2. CO and UHC emissions Regardless of the excess air [19,28], any combustion process is characterized by a certain amount of by-products such as, in particular, CO not oxidized into CO2, and UHC not burned to produce CO2 or H2O in vapor [8,19,27,30–32]. In general, the emissions of these pollutants are not easy to calculate, since they depend on several speciﬁc combustion kinetic characteristics, as mentioned above, and are thus often provided by manufacturers’ experimental measurements. In addition, the emission levels are commonly kept at a minimum at the design stage, and their increase during operation is an indicator of lower combustion efﬁciency (for instance, due to bad fuel-air mixing or bad maintenance) [8,19,30– 32]; similarly, diminished partial-load efﬁciency also implies incomplete combustion and thus increased CO and UHC emission level [8,19,30–32]. In general, proper maintenance of the equipment is required to keep the level of these pollutants as low as possible. In case, a catalytic converter can be used to abate them [8,19,27]. 3.3. NOx emissions



3. The pollutants emitted by natural gas-fueled combustion devices 3.1. Generalities on the pollutant emissions from combustion devices The analysis of emissions from combustion equipment is substantially focused on the ‘‘hazardous” combustion products that need to be limited in order to reduce the threat to the human health and to preserve the environment [15,23]. In particular,



NOx formation is the one giving most concerns from a regulatory point of view, being its toxic effects turning up for concentrations 10–20 times lower than for CO [8,30]. Subsequently, NOx reduction represents also a research ﬁeld in which several efforts have been put over the last years [38,39]. The results achieved for gas turbines, and more recently applied to gas microturbines, have been successful, whereas comparable results are being pursued for gas engines.
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The NOx formation mainly depends on the following variables [8,19,27,30–33,37]:  combustion temperature in the combustion chamber: reducing this temperature decreases the NOx emissions, but also impacts negatively on the power output and efﬁciency of the equipment, and prompts higher emissions of CO and UHC;  retention time in the primary combustion zone: in general, a shorter permanence in the combustion chamber decreases the pollution level, but again might impact negatively on the CO and UHC formation;  the air-to-fuel ratio, often characterized in terms of the air ratio k, ratio of the actual mass of combustion air to the stoichiometric one. The air ratio affects not only the NOx production, but also CO and UHC emissions, as well as power output and efﬁciency of the equipment, so that a trade-off among different variables has to be sought, depending on the speciﬁc machine. In general, in modern units lean combustion (k > 1) is preferred, which leads to low CO and UHC emission levels, while special combustion equipment has been developed to guarantee low NOx generation, e.g., dry low NOx (DLN) combustors for turbines, lean-burn combustion for reciprocating engines. In addition, most of today’s DG units are equipped with air–fuel controllers, which regulate the air-to-fuel ratio also during the partial-load operation in order to achieve still good performance, as well as low emissions. When the NOx emissions cannot be limited enough by acting on the combustion temperature or the lambda ratio, passive reduction means (usually catalytic abatement systems) [8,19,27,37,40,41] can be adopted, especially for the ICEs, whose emission levels are higher than for MTs. However, the adoption of abatement systems must be carefully evaluated, also on the basis of the additional cost burden to the plant. The non-selective catalytic reduction (NSCR) reduces not only the NOx (by up to 90%), but also CO (by about 80%) and UHC (by about 50%), so that the abatement device is also called three-way catalytic converter. However, NSCR can be applied only to rich-burn engines and for a narrow range of k, so that also an effective control of this parameter should be provided. The selective catalytic reduction (SCR) reduces only the NOx emissions and can be adopted with all the lean-burn operating engines. It requires the injection of NH3 (a hazardous chemical) into the exhaust gases in a quantity variable with the load, so that also a control system must be added. This implies the need for a NH3 storage system, with adequate safety attributes. 3.4. CO2 emissions As mentioned above, it is practically possible to prudentially assume complete conversion of fuel carbon into CO2, and hence calculate the relevant emissions on the basis of the stoichiometric characteristics of the reaction, once known the chemical composition of the reactants (of the fuel, essentially) [8,29,31]. Complete combustion is assumed, indeed, with very good approximation in most practical cases, above all when the fuel burning occurs with adequate excess air [8,30,31]. Therefore, the speciﬁc CO2 mass emitted (per unit of energy output) is a function of the mass content of carbon in the fuel and of its LHV (and thus, a function of the fuel itself), as well as of the efﬁciency of the equipment [8,19,29]. In particular, ﬁxed the fuel typology, the CO2 emissions are a function of the device efﬁciency only, which can change for instance because of out-of-design operation. Similarly, CHP plants allow for lower mass emissions per unit of output (electricity + heat) thanks to the higher exploitation of the primary energy F contained in the fuel (higher overall efﬁciency).



2903



However, for speciﬁc analyses more detailed studies might be needed to assess the actual CO2 emissions. This is typically the case when the prudential assumption of complete combustion becomes relatively weaker, for instance because of consistent partial-load operation (combustion is optimized for full or anyway high loads), or in the presence of quite aged or badly maintained combustion equipment [8]. In this sense, the presence of higher levels of CO emissions is a good indicator of incomplete combustion [8,19,30–33], so hinting, possibly, for further analyses also regarding the CO2 emissions. In all these cases, speciﬁc plant characterization through on-ﬁeld measurements might be performed as well. 4. Emission characterization of natural gas-fueled small-scale cogeneration equipment 4.1. The emission factor model Any pollutant emission (including CO2) for a generic combustion device can be calculated according to a model such as mXp ¼ lXp  X



ð2Þ



lXp



where is the emission factor (in terms of speciﬁc emissions) for the generic pollutant p to produce the generic useful energy output X, that is, the mass of p emitted per unit of X (in [kg/kWh], or more often in [mg/kWh]); mXp is thus the mass of pollutant p emitted to produce the useful energy output X, which, case by case, is represented by the useful electrical energy output W [kWhe] or the useful thermal output Q [kWht]; lXp is in general a function of the combustion equipment operating conditions (partial load, age, maintenance state, outdoor conditions) [8,27,29,30,42]. Often emission limits for a speciﬁc plant or emission characteristics for speciﬁc equipment are given in other forms. For instance, concerning measurements the pollutant levels are often reported as parts per million by volume (ppmv) at a given amount of O2 (typically 15% for MTs and 5% for ICEs) in the dry exhaust gases [27]. Passing from a form to another is often not immediate [36,37,43] and requires some assumptions not always obvious, especially when some data is lacking. However, we consider the adoption of the emission factor model as the most correct way to assess the environmental impact from energy generation, since it allows comparing the emission characteristics of the relevant energy systems on an energy-based common ground; this approach seems the most suitable for evaluations involving the production of different energy vectors, from different equipment (such as the electrical grid, CHP prime movers, boilers), fed by different and various fuels, and in different operating conditions. On these premises, the emission factor approach will be the one used in the sequel to characterize the energy system components relevant to this study. 4.2. Emission characterization of natural gas-ﬁred microturbines In general, most gas MTs adopt a lean premixed (DLN) combustion technology [19,27,37], i.e., a staged combustion that, by limiting the maximum ﬂame temperature, limits also NOx emissions (about which there are more concerns). In general, as for bigger turbines historically designed to operate at high loads, MT criteria pollutant emissions are optimized at full load; when operating at partial load, the efﬁciency drop brings about also incomplete combustion, which increases the formation of CO and UHC; at the same time, NOx formation at partial load is in part lowered by the lower ﬂame temperature, although worsening in the other combustion parameters that are optimized at full-load operation (especially for high-tech modern combustors) may yield an overall emission increase [19,29,30].
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The data available on MT emission characteristics is yet little, due to the relatively short operational experience (less than 10 years). However, considering the results from reports and tests available in the literature [9,36,43,44], it would be hard to draw a general model (for any CHP equipment), and it is rather better to refer, case by case, to the speciﬁc machine considered in the study, justifying through theoretical considerations, when possible, the experimental results. As a meaningful example, Fig. 3 shows the partial-load emission W W factor characteristics lW NOx (for NOx), lCO (for CO), and lTHC (for THC) for a 60-kWe MT, according to data from a report based on experimental tests run at 100%, 75%, 50% and 25% of full load [43]; in addition, also NMOC speciﬁc emissions are shown, assumed as 10% of the THC [19]. The most apparent result is how the CO and THC emissions vary impressively at partial load, as expected, while a relatively more contained variation is noticeable also for the NOx, at least down to 50% load, below which the emission level ‘‘explodes”. This emission proﬁle hints that MTs should be anyway switched off rather than operated at low loads, also considering the electric efﬁciency drop (Section 2.2). In general, other tests and studies on different MT models conﬁrm the emission increase at partial load [9,17,44] for the relevant criteria air pollutants, with possible intermediate peaks and strong non-linearities in the CO and the UHC emissions [9,36]. However, no matter the speciﬁc MT model or literature source, the available analyses lead to claim that full-load emission data prove to be insufﬁcient and too optimistic to be representative of the pollutant levels the machines might emit under more general operational conﬁgurations. As indicated in Section 3.4, the CO2 emission characterization (referred to the unit of useful output, i.e., electricity and/or heat) can be derived by partial-load efﬁciency models like the ones shown in Section 2. In fact, in this case, in order to make calculations easier, in the deﬁnition of the emission factor lFCO2 (assumed to be equal to 202  103 mg/kWht for the natural gas, on a LHV basis [8]) the useful energy output X in (2) is represented by the thermal energy F generated by burning the fuel (input to the microturbine); then, the ‘‘conventional” emission factor, referred to the equipment output (heat and/or electricity) can be evaluated passing through the efﬁciency values [30]. 4.3. Emission characterization of natural gas-ﬁred internal combustion engines The amount of data available for characterizing, from an emission standpoint, ICEs is bigger than for MTs, although again often few details are given by the manufacturers about the actual characteristics of the machine operating at partial loads. However, some manufacturers guarantee that certain limits (in terms of con-



4.4. Emission characterization of the equivalent models for separate production of heat and electricity The CHP system performance, in terms of energy saving, is conventionally evaluated with respect to the ‘‘traditional” paradigm of electricity-and-heat separate production. It is possible to follow a similar approach also for the performance evaluation from the emission standpoint [4,45]; in particular, being interested in the impact of cogeneration as DG within urban areas, the equivalent model for the separate production is represented by the centralized electric power system and the residential boilers spread over the territory. The following average ﬁgures are considered and will be used in Section 6:  electric power system (estimated average values for the bulk of power network operators in Italy [13]; all the emission factors refer to the electricity unit available at the user): electrical production efﬁciency ge = 0.385, transmission and distribution efﬁciency to low-voltage users equal to 0.935, CO emission factor W lW CO ¼ 320 mg=kWhe , NOx emission factor lNOx ¼ 650 mg=kWhe , 3 CO2 emission factor lW ¼ 700  10 mg=kWh e; CO2  boiler (average values [8], for different typologies and sizes, assuming 70% of gas boilers and 30% of diesel boilers; all the emission factors refer to the heat output): thermal efﬁciency gt = 0.8, CO emission factor lQCO ¼ 39 mg=kWht , NOx emission factor lQNOx ¼ 208 mg=kWht , CO2 emission factor lQCO2 ¼ 274 103 mg=kWht .
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centrations, as often required by the Standards at least at full load [23]) are not exceeded at any load level. For instance, emission data from available technologies for lean-burn machines below 500 kWe indicate that the pollutant concentrations in the exhaust gases remain within 450 mg/Nm3 for NOx, 300/700 mg/Nm3 (with/without catalytic ﬁlters) for CO, and 350 mg/Nm3 for NMOC, at any load level, in particular for the points given in catalogues at 50%, 75% and 100% of the full load. From the data provided, assuming that the concentration limits that are guaranteed not to be exceeded represent the actual emissions, and interpolating among the given points with a second order polynomial function, it is possible to calculate the speciﬁc emissions over a range 50–100% of the electrical output, yielding emission proﬁles like the ones shown in Fig. 4 for a gas-fed 180kWe ICE. In particular, full-load pollutant levels are about W lW NOx ¼ 1500 mg=kWhe and lCO ¼ 2500 mg=kWhe (without catalytic ﬁlters), in line with data from reports on engines in the same range of powers [19]. NMOC emission rates with catalytic ﬁlter have been assumed to be decreased by the same rate as the CO. Also in this case CO2 emission characterization can be derived by the partial-load efﬁciency models of Section 2, according to the same procedure discussed for the MTs.
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5. Environmental impact of natural gas-fueled distributed cogeneration systems 5.1. Local emissions and global emissions Likewise for the approach adopted to evaluate the energy beneﬁts brought by CHP systems in terms of primary energy saving [2,5,6], for the environmental impact assessment the ‘‘natural” comparative reference is represented by the separate production of the same energy vectors in conventional boilers (for the thermal energy) and conventional power plants (for the electrical energy) [4,45]. However, this analysis is more complicated than for the energy saving evaluation, due to the fact that the environmental impact is by nature local, whereas the energy saving features are by nature global. Actually, also from the standpoint of GHG production (related to the global warming threatening) it is possible to adopt the same kind of global evaluation approach worth for the energy saving, so that emissions of CO2, the most important ‘‘polluting” GHG from natural gas ICEs and MTs (neglecting in ﬁrst approximation the emission in trace of CH4 and other GHG as UHC [8,19,27,31,32]), can be straightforwardly determined on a global basis. Differently, for NOx and CO (and whatsoever other criteria pollutant) the environmental impact evaluation must be considered on a local basis, since the population’s health can be directly affected by the presence at the soil of these pollutants in proximity of the emission source [8,15,16,18,46]. From the considerations illustrated in the previous sections, it is apparent that the local impact may strongly depend upon the technology and fuel used, the system age and maintenance, and the operating conditions. All these aspects need to be adequately modeled and addressed at the planning stage of a DG energy system. 5.2. Local and global emission balances with respect to the separate generation Quantitatively, the concept of local and global emissions can be modeled in ﬁrst approximation by means of the so-called emission balance approach [8], according to which the CHP system is compared with the avoided separate production of the same quantities of heat and electricity in terms of emissions of each pollutant. Following these lines, if all the SP sources of pollutants are considered, no matter where they are, the global emission balance (over a certain time window) can be described by Q Dmp ¼ ðmp Þy  ðmW p þ mp ÞSP



ðglobalÞ



ð3Þ



which takes into account the mass emissions of the pollutant p from the avoided separate generation of both heat and electricity; again, the subscript y refers to the cogeneration process. The entries in (3) can be easily calculated considering the expression (2) and the emission factors given in Section 4 (calculated in every actual operating condition, possibly on an hourly basis); the quantities of W and Q to which the relevant emissions considered in (3) refer are clearly the same for both SP and CHP production. Since in general the electrical energy produced ‘‘separately” comes, in an ideal model, from a power plant situated ‘‘far” from the user, when evaluating the local emission balance the only reference term for the separate production is the heat that would have been generated by the displaced boilers spread over the urban area, thus obtaining Dmp ¼ ðmp Þy  ðmQp ÞSP



ðlocalÞ



ð4Þ



It is clear that the expression (3) is fully correct when evaluating the CO2 emissions, so that it actually yields the CO2 emission saving; on the contrary, it fails in properly accounting for the actual additional
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local contribution to air pollution due to the local production of electricity (that in the separate production model is somehow really generated ‘‘far”). The relationship (4), instead, is more suitable to evaluate the local impact from NOx, CO, NMOC, and other nonGHG pollutants. However, (4) weighs ‘‘too much” the environmental impact of DG, not accounting at all for the separate electricity production. Apparently, the actual case will lie somewhere in the middle. 5.3. Beyond the emission balance approach A more reﬁned approach to the environmental impact of distributed CHP systems (w.r.t. the separate generation) would call for the adoption of ﬂuid-dynamics models of the pollutant dispersion in the atmosphere, which could take into account the orographic and meteorological characteristics of the site [15,46]. In addition, in the evaluation of the effects of the local emissions on the air quality, it is important to take into account that the quantity of the pollutants is only one of the relevant aspects. In fact, even in the presence of high quantities of local emissions, it is possible to obtain relatively limited local air pollution effects, depending for instance on the height of the emission point, the thermal regime, the exhaust gas speed, or the dispersion characteristics. All these aspects can in general be modeled only through adequate ﬂuiddynamics programs [15,46]. However, if willing to evaluate at ﬁrst approximation the environmental impact characteristics of different alternatives, the relations (3) and (4) represent a good starting point before running further analyses using more detailed tools. 5.4. The environmental impact cost: the externalities of energy The studies on CHP DG systems including the environmental issues are assuming an increasing importance also in relation to the context of the external cost evaluation [15,17] from electricity (and more in general energy) generation. This approach takes into account that, besides the internal costs (related to the construction and operation of a plant, and evaluated from the cash ﬂows analysis [2,5,8]), an important role is played by external costs, meaning the ‘‘other” costs not directly included in the above cash ﬂows (and so somehow external to the conventional market analysis [47]). Emissions from energy generation represent a classical example of external costs, because of their impact on the environment (for instance in terms of global warming due to GHG emissions) and the society (for instance in terms of increased mortality due to hazardous pollutants emitted) [17]. A systematic framework to perform external cost analysis for electricity generation has already been obtained from the ExternE project [15], in which the bottom-up approach introduced is based on the concept of tracking back the events to their initial causes through the determination of the impact pathways. This analysis model ﬁrst includes the description of the considered technology and the identiﬁcation of the source emissions (as performed in the present work), then the analysis of dispersion of the emissions on the territory (through ﬂuid-dynamics codes), the identiﬁcation of the receptors with determination of the dose–response functions for assessing the potential damages, and ﬁnally the economic quantiﬁcation of the damages. Due to its complexity, the analysis should be strongly supported by detailed information on the actual equipment emission characteristics in the different operating conditions. Within this framework, the present work points out, in particular, how the emission factors provided in the literature, usually calculated at full load, might be insufﬁcient (for some equipment) to evaluate the actual pollutant emissions from the energy system, and thus
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its external costs. The case study presented in Section 6 highlights numerically this aspect. 5.5. Environmental impact evaluation of complex energy scenarios through life cycle analysis An extensive and comprehensive comparison among different energy scenarios should quantify the potential environmental impacts of different plants over their full life cycle, as for instance done in the ExternE project [15]. In other words, the analysis should quantify the environmental impact due to plant construction (from primary source extraction) and maintenance, besides its operation (focus of this work). In addition, also the upstream impact related to fuel extraction, processing, transportation, and distribution should be adequately addressed, for instance through LCA [24,25]. An omni-comprehensive application of such procedure is a challenging task for complex systems as cogeneration ones, straying from the main purpose of this paper. However, it is possible to draw some general comments on the application of the LCA approach to the systems this paper deals with. In particular, it is possible to say that the LCA energy and environmental aspects regarding materials, manufacturing and building of cogenerative MTs or ICEs, as well as conventional separate production thermal systems, are negligible compared to the ones related to the energy produced during their life [48,49], differently from other DG technologies such as photovoltaic systems [50,51]. Thus, to a very good extent the comparison between CHP DG and centralized generation can be focused upon aspects related to the produced energy and the relevant emissions. As a further point, in the speciﬁc case considered here, the energy and environmental costs due to fuel transportation infrastructure are not considered because the analysis concerns CHP systems fed by the same fuel (namely, natural gas). In addition, natural gas networks are readily available for DG systems, so it can be assumed that the considered units are installed within an environment with already existing fuel distribution networks. Different would be the case when also the fuel network were to be built for supplying the generation plants, above all if the variables in play possibly involve also selection of different fuels. In this respect, if different fuels were to be adopted for various DG alternatives, an LCA should be preferably carried out in order to assess more effectively the energy and environmental cost due to the upstream fuel production, processing, transportation, and so on [15,52]. In fact, if for instance two CHP MTs were to be compared, one fueled by hydrogen and one by natural gas, clearly the environmental assessment would be consistently affected by the natural gas upstream ﬂow and, above all, by the technique adopted to produce hydrogen [53–55]. Similarly, if a natural gas MT were to be compared to a hydrogen fuel cell, not only the fuel upstream processes, but also the equipment manufacturing processes might have to be analyzed, due to the different characteristics of the MT (or ICE or gas turbine) and fuel cell manufacturing industries [54,56,57]. In case, the comparative assessment should include also the transportation system if also hydrogen, like natural gas, were to be transported rather than produced in situ. As a spreading fuel, bio-masses represent also an interesting case to be analyzed through LCA, owing to their speciﬁc potential CO2 ‘‘zero”-emission characteristics [58]. On the above premises, in this work the focus has been put on the relevant emissions due to energy generation from natural gas primary energy during the plant operation, leaving aside more detailed LCA analyses, which leads to very good results. However, as a further comment about the use of LCA approach for evaluating the externality aspects arising from operating cogeneration systems, it seems to be useful to put into evidence an important difference between several existing applications and the framework considered



in this paper. More speciﬁcally, in classical LCA applications [24,25] the calculation is aimed at using emission factors in order to evaluate emissive ﬂuxes from various stages of the life cycles, to be then transferred directly in terms of a ﬁrst deﬁnition of externalities (external cost per unity of pollutant emitted) or in terms of different indicators arising from the relevant emission environmental impact (global warming potential, acidiﬁcation, tropospheric ozone formation, and so on) [16]. On the contrary, in the evaluation scheme considered here the emissive ﬂuxes can be seen more as a starting point for further analyses. In fact, on the one hand the local emission balance already addresses to some extent the characteristics of local impact due to speciﬁc typologies of pollutants (CO, NOx, and so forth). On the other hand, on the basis of the emission ﬂuxes calculated, and on the basis of meteorological conditions and local topography, a modiﬁcation of air quality could be calculated, as mentioned in Section 5.3. Thus, the deﬁnition of an externality cost corresponding to air quality level (external cost per unity of presence of pollutant in the considered atmospheric medium) may lead to the ﬁnal external costs determination. This second deﬁnition seems to be more signiﬁcant, as it takes into account the local site speciﬁcity, and the higher or lower local sensitivity to pollutant introduction (due to variables such as local wind intensity or stagnation conditions, presence of natural or constructed obstacles to pollutant dispersion, photochemical reactivity, formation of secondary pollutants [34,35,46]).



6. Case study application 6.1. Description of the equipment and the scenarios In order to numerically exemplify the theoretical concepts discussed so far about global and local emission balance, let us consider the performance and the speciﬁc emission rates (conventionally referred to 1 kWhe produced at different load levels) of two small-scale prime movers of different technology. In particular, the 60-kWe MT and the 180-kWe ICE (equipped with CO catalytic ﬁlters, quite a standard for today’s implementations) considered in the previous sections, both natural gas-ﬁred, are good candidates to represent ‘‘typical” machines for small-scale DG CHP applications. The relevant equipment data necessary to the analysis are summarized in Table 1, according to the models and assumptions discussed in Section 4. In particular, the partialload emission model for the ICE corresponds to the one drawn in Fig. 4; however, it has to be pointed out that this model assumes that the pollutant emissions are equal to the limits declared by the manufacturer; most probably, the actual emissions could be lower.



Table 1 Performance characteristics and emission factors for the equipment used in the case study example Type of equipment



Load [per unit]



gW



gQ



NOx [mg/ kWh]



CO [mg/ kWh]



CO2 [g/ kWh]



MT



0.50 0.75 1.00 0.50 0.75 1.00 1.00



0.20 0.24 0.26 0.29 0.31 0.34 0.36



0.57 0.56 0.52 0.54 0.52 0.49 –



121 78 68 1704 1582 1485 650



10,251 2204 47 990 1055 1136 320



1010 842 777 697 652 594 700



1.00



–



0.8



208



39



274



ICE



Separate production of electricity Separate production of heat
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In practice, Scenario 1 and Scenario 3 represent possible equipment operation under (thermal or electrical) base-load regulation strategy; Scenario 2 and Scenario 4 could for instance represent more realistic conditions in case of (electrical or thermal) load-following regulation strategy, as well as electrical peak shaving.



The results from the evaluation of the emission balances (referred to the unit of produced electricity) for the different scenarios and pollutants are shown in Fig. 5 (NOx), Fig. 6 (CO), and Fig. 7 (CO2). It can be seen how the local emission balance approach is much more restrictive, for the DG equipment, than the global one, as expected. Furthermore, the scenarios 3 and 4, where also the partialload behavior of the equipment is accounted for, worsen dramatically the CO emission performance of the MT, whereas the impact on the ICE is much lower. On the contrary, the MT NOx balance is excellent (negative) in every scenario, whereas the ICE has high emissions, especially when considering a local comparison; in addition, for both technologies there is negligible NOx emission variation passing from ‘‘full-load” scenarios to ‘‘partial-load” scenarios.
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MT ICE
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MT ICE
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Fig. 6. Case study scenarios: CO emission balances per unit of produced electricity.
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Fig. 7. Case study scenarios: CO2 emission balances per unit of produced electricity.



6.2. Numerical results and discussion



-1500



3000



Δ CO [mg/kWh e]



Scenario 1: global emission balance (3), emission factors equal to the nominal ones (in practice, all the equipment is hypothesized operating at full load). Scenario 2: local emission balance (4), emission factors equal to the nominal ones. Scenario 3: global emission balance (3), emission factors at partial load weighted with weights proportional to the duration of operation at the corresponding electricity output level, i.e., weights equal to 0.2, 0.5, and 0.3, respectively for 50%, 75%, and 100% of the electricity output; for instance, operation of a prime mover at 75% partial load is assumed to occur for 50% of its total period of operation, so that the corresponding emission factor is associated to the weight 0.5. Scenario 4: local emission balance (4), emission factors at partial load weighted with weights equal to 0.2, 0.5, and 0.3, respectively for 50%, 75%, and 100% of the electricity output.



3500



Δ CO2 [g/kWhe]



Table 1 reports also the average ﬁgures (Section 4.4) for the separate production of heat (referred to 1 kWht produced from residential boilers) and electricity (referred to 1 kWhe available at the user from the power system, including grid transmission and distribution losses). For each of the two DG prime movers, let us now consider four different cases that simulate possible CHP operational scenarios:



scenario 3



scenario 4



Fig. 5. Case study scenarios: NOx emission balances per unit of produced electricity.



The CO2 emission saving (negative emission balance), ‘‘global” by deﬁnition, is roughly of the same order for both MT and ICE, and slightly increases at partial load due to the relatively large amount of produced thermal power with respect to the electrical one; in fact, for the MT the heat-to-electricity ratio passes from 2 (full load) to 2.8 (half load), while for the ICE the heat-to-electricity ratio passes from 1.4 (full load) to 1.9 (half load). This partial load relative increase in thermal power has a positive overall effect on the CO2 balance with respect to the separate production of heat and electricity. 7. Concluding remarks In this paper, natural gas-fueled MTs and ICEs have been characterized from the point of view of the air pollutants often subject to emission limits (in particular, NOx, CO and NMOC); also CO2 emissions have been accounted for, due to the GHG characteristics of the carbon dioxide. The environmental impact from such DG CHP equipment has been taken on through the local emission balance and global emission balance models. The rationale behind this approach is that while cogeneration systems are widely recognized to be very effective in terms of energy saving and thus of CO2 emission saving with respect to the separate generation of heat and electricity (on a global basis), the scenario may be not so good for what concerns the local emissions of CO, NOx and other non-GHG pollutants from DG sources spread over densely populated urban areas. A case study has illustrated some numerical aspects of two typical machines available in the market. The results from the case study show that in general the MT always performs better than the ICE in terms of NOx, but when it is operated at partial load the CO emissions increase dramatically. This hints that emission
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limits set for full load may be not respected in other operational conﬁgurations (for instance in load-following mode) for a MT, unless it is equipped with adequate ﬁlters that, however, could substantially increase the plant cost. The CO emissions from the ICE (with or without CO ﬁlters), instead, are only negligibly affected by the machine operation. In addition, the emission factors available in the literature and referred to full-load operation of MTs should be considered with care if the machine were to be often operated also at partial load. In terms of CO2 emissions, in general the ICE performs better than the MT due to its higher electrical (and often also overall) efﬁciency. The general emission proﬁles presented here are conﬁrmed by several analyses available in the literature (especially for MTs). Of course, the numerical results presented in the case study are representative of the speciﬁc situation. As discussed in the paper, analyses of more complex energy scenarios, involving in particular adoption of different types of DG equipment (such as fuel cells), as well as different types of fuels (such as hydrogen) would require the adoption of further tools. In particular, it is possible to resort to the LCA approach for assessing the environmental impact of alternative scenarios. In general, the global and local emission balances could be adopted also within an LCA approach, in order to account for the speciﬁc impact characteristics of different pollutants, as extensively pointed out in the work. In this respect, further work is in progress to assess the local impact from alternative DG scenarios also accounting for an LCA of the relevant equipment and fuels. Additional developments will take into account the results presented in this paper, as well as more detailed considerations on the externalities of energy production from local CHP systems with respect to the conventional separate production of heat and electricity by exploiting dedicated software for the analysis of the pollutant dispersion in the atmosphere. The ﬁnal aim is to set up a comprehensive framework to assess the investment proﬁtability (in energy, environmental and economic terms) of different distributed cogeneration technologies. Acknowledgements This work has been supported by the Regione Piemonte, Torino, Italy, under the research grant C65/2004. References [1] The IEEE, IEEE Standard 1547 ‘‘IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems”, New York, 28th July 2003. [2] Borbely AM, Kreider JF, editors. Distributed generation: the power paradigm of the new millennium. Boca Raton (FL), USA: CRC Press; 2001. [3] Willis HL, Scott WG. Distributed power generation: planning and evaluation. New York: Dekker; 2000. [4] Pepermans G, Driesen J, Haeseldonckx D, Belmans R, D’haeseleer W. Distributed generation: deﬁnition, beneﬁts and issues. Energy Policy 2005;33:787–98. [5] Horlock JH. Cogeneration-combined heat and power (CHP). Malabar (FL): Krieger; 1997. [6] Martens A. The energetic feasibility of CHP compared to the separate production of heat and power. Appl Thermal Eng 1998;18:935–46. [7] Cogeneration Website, July 2007. Available from: www.cogeneration.com. [8] EDUCOGEN. The European educational tool on cogeneration, December 2001. Available from: www.cogen.org/projects/educogen.htm. [9] Hanssen JH et al. Operating experiences from 18 microturbine applications for CHP and industrial purposes. Danish Gas Technology Centre, Conference paper C0404, July 2007. Available from: http://www.dgc.eu/publi2.htm. [10] US Department of Energy. Strategic plan for distributed energy resources. Ofﬁce of Energy Efﬁciency and Renewable Energy and Ofﬁce of Fossil Energy, Washington, DC, 2000. Available from: http://www.eren.doe.gov/der/ documents_resources.html [July 2007]. [11] Cardona E, Piacentino A. Cogeneration: a regulatory framework toward growth. Energy Policy 2005;33:2100–11. [12] European Union. Directive 2004/8/CE (February, the 11th 2004) of the European Parliament and the Council, on the promotion of cogeneration based upon a request of useful heat on the internal energy market and which modiﬁes the Directive 92/42/CE.
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