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Overview of the Stochastic Energy Deployment System (SEDS)

Scope 
SEDS is an economy-wide energy model of the U.S. The model captures dynamics between supply, demand, and pricing of the major energy types consumed and produced within the U.S. These dynamics are captured by including: the effects of macroeconomics; the resources and costs of primary energy types such as oil, natural gas, coal, and biomass; the conversion of primary fuels into energy products like petroleum products, electricity, biofuels, and hydrogen; and lastly the end-use consumption attributable to residential and commercial buildings, light and heavy transportation, and industry. Projections from SEDS extend to the year 2050 by one-year time steps and are generally projected at the national level.

Table 1: The components of the energy sector represented in SEDS as individual modules
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Focus
SEDS differs from other economy-wide energy models in that it explicitly accounts for uncertainty in technology, markets, and policy. SEDS has been specifically developed to avoid the computational burden, and sometimes fruitless labor, that comes from modeling significantly low-level details. Instead, SEDS focuses on the major drivers within the energy economy and evaluates the impact of uncertainty around those drivers. In large part, the SEDS development effort is a response to a recommendation by the National Research Council of the National Academies to the Department of Energy to fully treat uncertainty in the DOE’s evaluation of technologies and their benefits
.
SEDS allows any input assumption to be specified as a probability distribution. For example, the capital cost of a high-efficiency furnace in 2015 might be specified by a normal distribution with a mean of $20/kBtu and a standard deviation of $3/kBtu. Similarly, the timing and magnitude of policy, the growth in economic production, or drivers affecting fuel prices can all be characterized as probability distributions. A notable advantage of SEDS is that true correlations between input assumptions can be modeled. Thus, if technology A and technology B are similar in design but not identical, then improvements to technology A will likely lead to improvements in technology B, and SEDS can capture that correlation. SEDS uses a Monte Carlo sampling approach to make random draws from the distributions of each input assumption, and then it uses those draws to simulate the evolution of the energy sector out to 2050. The end result is a collection of different system evolution pathways from which the likelihood or probability of each pathway can be statistically determined. Put simply, the results from SEDS are probability distributions that reflect the underlying probabilities specified for the input assumptions. 
A very useful feature of the SEDS model is that uncertainty can be incrementally applied. SEDS is structured such that a user can choose whether to use the full probability distribution for an input assumption or to use its most likely value. In order to gain a better understanding of which uncertainties have the most impact on results of interest, the user can run a purely deterministic simulation using only the most likely values of each input assumption. From there the user can turn on technology uncertainty and evaluate how the added uncertainty changes the results. Then fuel price uncertainty can be added, then macroeconomic uncertainty, then policy uncertainty, and so on. The order of which uncertainties are turned on is specific to the analysis and can provide much insight into which variables are significantly impacting the results. Knowing which variables are major drivers allows an analyst to prioritize work efforts such that they are focused on the assumptions and system interactions that are most relevant to the results being scrutinized and the questions being asked.
Table 2: Examples of major drivers with considerable uncertainty
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In particular, SEDS was developed to have much technology representation in the energy conversion and end-use sectors. By modeling a significant number of technology pathways in these sectors, it is possible to simulate the economics-based deployment of new technologies and observe their impacts on the energy and CO2 intensities of the various sectors. Because new technologies are notoriously shrouded in cost and performance uncertainty, SEDS is uniquely able to explore the deployment and impact of these technologies while specifically addressing the high level of uncertainty surrounding their characterizations. 
In fact, the SEDS development effort has been closely tied to another effort at the Department of Energy to characterize many new technologies still in the demonstration or development phases. As part of this technology characterization effort, experts from industry, academia, and government are asked to estimate the costs and performance of various technologies in terms of low-side, expected, and high-side estimates (i.e., the 10th, 50th, and 90th percentile estimates). Probability distributions from multiple experts are aggregated into a single distribution for each technology parameter, where the distribution reflects the beliefs of many knowledgeable stakeholders (Figure 1). This process results in probability distributions of technology costs and performance parameters by time and by level of R&D efforts (Figure 2). Again, SEDS’ unique structure allows these expert-elicited probability distributions to be directly input into the model and used during simulation. This is a significant improvement over using point-estimates and parametric sensitivities of cost and performance because it allows each assumption to be effectively weighted by likelihood, and it allows many combinations of cost and performance assumptions to be investigated.
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Figure 1: Distributions from multiple experts are aggregated for each technology parameter
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Figure 2: Technology parameters are characterized over time and by R&D level


Making the Case for Uncertainty Modeling 
The following paragraphs walk through an example of how uncertainty related to technology, markets, R&D, and policy affects enhanced geothermal systems (EGS) technology. However, it should be noted that these examples are just a subset of many insightful analyses that can be performed with SEDS. SEDS allows the exploration of technology deployment across all of the end-use sectors and many of the energy-conversion sectors. In addition, portfolios of technologies related to a single sector, or spanning across multiple sectors can be evaluated. In fact, the focus need not even be on technology. The response of the entire energy system or certain sectors to policy, fuel prices, or economic conditions may be of more import than technology-related details.
Technology Uncertainty

To illustrate the value of SEDS, we can use the enhanced geothermal systems technology as an example. In short, EGS is a method of drilling wells deep into the ground, using pressure to open fractures within a geological formation with good thermal properties, pumping a fluid through that formation, extracting heat from the fluid that has passed through the geological formation, and using that heat to power a turbine connected to an electrical generator. There are many who believe that this technology has tremendous potential, while others claim that the costs are too high. Because there is little international experience with EGS, the uncertainty surrounding the technology is quite large. Technology parameters such as the cost of plants and equipment, operating costs, exploration, drilling and reservoir enhancement costs, the amount of extractable heat from a geological reservoir, the fluid loss within the reservoir, and the overall plant efficiency are all factors with a significant range of uncertainty. It should be obvious that characterizing these parameters as probability distributions, rather than single-point estimates, is the most accurate form of representing EGS technology. 
SEDS is able to use these probabilistic characterizations of technologies and simulate the competition of one technology against another based on economics and performance. In the case of EGS, its main competitors within the SEDS model are other power technologies, such as coal, natural gas and nuclear plants, wind turbines, photovoltaic systems and concentrating solar power systems. In the SEDS electric module, the probabilistic technology parameters, along with fuel prices and financial parameters, are used to calculate a levelized cost of energy (i.e., the cost per kWh of electricity) for each electricity-generating technology. Based on their calculated levelized costs of energy, which are also probability distributions, the most economic technologies are assigned market share for growth in new demand for electricity in various markets. Naturally, the average cost, average energy intensity, and the average CO2 intensity of electricity will be determined by the mix of technologies that are generating that electricity.
Market Uncertainty

Market uncertainty is a combination of uncertainty around fuel prices and uncertainty around the supply and demand of energy or services. In terms of fuel prices and energy supply, EGS is not directly affected by these issues because it does not consume any fuel. However, its competitors do consume fuel, and therefore the uncertainty in fuel prices and fuel supply indirectly impact the economic competitiveness of EGS. If there is some probability that natural gas and coal prices might significantly increase, then there is an associated probability that EGS might be more economical than natural gas and coal plants in certain markets. As another example, the supply of biomass feedstock includes much uncertainty, and this would have an impact on the ability of biomass electric generating facilities to compete against EGS as technologies with potential for expansion. One final component of market uncertainty that cannot be overlooked is the uncertainty in demand for energy or services. If there is little growth in demand for electricity, then deployment of EGS will be minimal, despite its economics, except under conditions in which existing power plants retire in significant quantities (such as under a severe carbon emissions regulation). In contrast, if electricity demand increases significantly, then the potential for expansive deployment of EGS will be more likely. By showing the deployment and impact of technologies under the real-world possibility of market uncertainty, SEDS is able to shed light on the various advantages and disadvantages of those technologies.
R&D Uncertainty
 If we wish to explore the impact of making R&D investments in EGS, we can estimate improvements to the cost and performance of EGS due to R&D. Because the effect of R&D is not certain, the improvements to EGS will also be defined by probability distributions. SEDS can be simulated with and without the uncertain R&D improvements in order to allow the comparison of the two EGS cost and performance scenarios. With R&D, there will be some probability that EGS will become more economical than it would in the absence of a targeted R&D effort. These improved economics will lead to increased market share and deployment. The increased deployment of EGS will likely lead to reductions in the cost of electricity and reductions in the energy and CO2 intensity of the electric power sector. The effect of these reductions will impact other sectors within the energy economy as well. For example, the reduction in natural gas consumption within the electric power sector might lead to a reduction in natural gas prices, which then benefits all consumers of natural gas. Since SEDS captures the major energy sectors, it is capable of identifying the many dynamic interactions between those sectors. In the end, SEDS can be used to determine value-metrics such as economy-wide consumer savings, oil and natural gas import reductions, and CO2 emission reductions attributable to R&D efforts – all while explicitly accounting for uncertainty in technology, markets, and policy.
Policy Uncertainty

In many cases, policy is the most significant source of uncertainty affecting the energy sector. Policy can determine which technologies are allowed to compete for market share and which will be given R&D funding, which activities will be taxed and which will be incentivized, and which markets will be regulated, so it makes sense that uncertainty in policy should be included in most analyses projecting future pathways of elements related to the energy economy. Continuing with the EGS example, there are multiple policy uncertainties affecting EGS. The extent to which tax credits will be granted or extended for geothermal technologies, the availability of government-backed loans, the level and enforcement of state renewable electricity standards, and the possibility of carbon regulation are all policy-related uncertainties that can hugely impact the deployment of EGS. Before promoting or investing in a technology, it is useful to know how likely the technology is to penetrate the market and what the likely impact would be as a result of that deployment. By explicitly considering policy, technology, and market uncertainty, SEDS is able to provide information about the probability of technology deployment and impact across a vast range of future uncertainties. It must be re-emphasized that policy need not be modeled probabilistically within SEDS. Policy measures can be defined deterministically, and the effects of the policy can still be analyzed in the context of all other major uncertainties.
Quantitative Example
Figure 3 illustrates the impact of various uncertainties on the deployment of EGS technology by the year 2030. Each chart in Figure 3 adds one more uncertainty to the previous chart. For example, chart (A) compares EGS capacity from a deterministic business-as-usual (“BAU”) scenario and a scenario where technology uncertainty is applied. The “BAU” scenario uses the most-likely value from each input distribution and performs a single simulation over the time horizon using those most-likely values. This results in a deterministic (or non-probabilistic) projection of EGS capacity, which in this case is the single-point estimate of roughly 1 GW of capacity in 2030. The “Tech” scenario made one hundred random draws (this number was arbitrarily chosen for this example) from every probability distribution defining the cost and performance of various technologies within the SEDS model. Based on those random draws, one hundred unique simulations over the time horizon were performed and the results from each of those simulations was statistically analyzed to produce a distribution that is representative of the underlying one hundred simulations. From chart (A) we see that the inclusion of technology uncertainty gives a range of possible capacity values for EGS. This range extends from about 0.2 to 2.1 GW, with the most-likely value being roughly 0.35 GW. Compared to the “BAU” case, technology uncertainty produces a lower bound of roughly -75% and an upper bound of nearly 110% relative to the 1 GW of capacity projected by the deterministic “BAU” case.
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Figure 3: Examples of how various uncertainties might affect the deployment of EGS technology by 2030
Chart (B) uses the same draws from the technology cost and performance distributions as was simulated in the “Tech” scenario and adds additional uncertainty by randomly drawing from distributions related to fuel price drivers. The result of this additional fuel price uncertainty is shown by the “Tech, Fuel” scenario. It can be seen that the “Tech, Fuel” scenario exhibits a wider distribution and the mode or peak of the distribution has shifted somewhat to the left. The relatively small change in the distribution attributable to fuel price uncertainty is due the fact that EGS is still high-cost relative to its competitors even when fuel prices are disadvantageous to those competitors (note that this inference was gleamed from additional model results and not just the charts shown here).
Chart (C) adds to chart (B) by allowing macroeconomic uncertainty. Macroeconomic uncertainty represents uncertainty in the growth of GDP, manufacturing, population, interest rates, and disposable personal income. Again, for this particular model output, macroeconomic uncertainty does not substantially change the range and mode of the distribution around EGS capacity in 2030 because the assumptions used in these simulations project EGS to be fairly costly.

In chart (D), we see the distribution widen roughly two-fold and the mode shifts leftward as a result of including R&D uncertainty. Certain draws from the distributions related to improvements in EGS costs and performance lead to simulations where EGS becomes increasingly more economic and this leads to increased deployment. Given the additional R&D uncertainty, the most-likely outcome is approximately 4 GW of EGS capacity compared to the 1 GW that was projected in the “BAU” case.
In chart (E), the R&D uncertainty has been removed and policy uncertainty has been enabled. Here policy uncertainty corresponds to uncertainty around carbon cap regulation, a national renewable electricity standard, and extensions of production and investment tax credits to renewable, electricity-generating technologies. Relative to the “Tech, Fuel, Macro” scenario, the policy scenario has widened significantly although not much mass is skewed towards the higher EGS capacity levels. This suggests that only a handful of policy scenarios might lead to increased EGS capacity.
Finally, chart (F) shows the impact of including all uncertainties by adding R&D uncertainty to the “Tech, Fuel, Macro, Policy” scenario. The combination of policy and R&D uncertainty leads to a much wider distribution that what is projected by the “Tech, Fuel, Macro, R&D” and the “Tech, Fuel, Macro, Policy” scenarios. The EGS capacity outcomes under this final scenario range from 0 to 14 GW with the most-likely value being close to 5 GW. Although 5 GW is not significantly more than the 4 GW projected in the ‘Tech, Fuel, Macro, R&D” scenario, there is much more mass centered around the 5 GW capacity level in this final scenario, which suggests that the outcome of 5 GW is much more probable than in the scenario that does not consider policy uncertainty.
To conclude this example, it is useful to re-emphasize how dramatically different the deterministic projection is from the final projection that includes multiple uncertainties. Inclusion of uncertainty provides the user with information about the range of outcomes that might occur and the expected probability associated with each of those outcomes. In an environment like the energy economy, which is full of uncertainty, the SEDS model can provide insight into which technologies are robust across many future pathways, and it can provide information related to the likelihood of particular responses within the energy sector.
Other Model Attributes

The intent of this summary of SEDS’ capabilities is to give a brief overview of the model and how it can be used. It is not intended to rigorously document the capabilities of each module. However, there is a website where additional information about each sector can be found. This site (http://seds.nrel.gov) is built in a wiki-like format and is envisioned as becoming the central location for SEDS-related information. Although not as detailed as the wiki, the following paragraphs are aimed at providing a high-level description of some of the model’s attributes.
Model Structure

SEDS is a simulation model, not an optimization model. When performing a run, SEDS steps through time and makes decisions based on conditions in the current time step and conditions in prior time steps. SEDS does not have perfect foresight, but it does make projections about future time steps based on trends from previous time steps. In this sense, SEDS makes decisions much like an individual, corporation, or government entity would. Decisions are based on the best information available, but, if the future strays from expectations, then in hindsight a decision may turn out to be non-optimal.
Certain variables within SEDS are calculated by means of an iterative solution within a given time period, although these variables are limited to individual sectors. They are not variables that require multiple sectors to re-compute their results. By eliminating large-scale intra-period iterations, SEDS is able to solve very quickly.
In most SEDS modules, market share is determined based on a technology’s utility to the investor or customer. A technology’s utility can be based purely on lifecycle costs or it can include multiple attributes. Because SEDS is typically national in regional disaggregation, the logit function is used to assign market share while accounting for variance in utility. Certain markets exhibit knife-edge behavior where the highest utility (or least cost) technology wins most of the market share, and other markets distribute market share among technologies with varying utility. A useful feature of the logit function is that it can be formulated to behave like either market, or any market in between.
Validation and Testing
Throughout the development of the SEDS model, individual sectors and the integrated model have undergone a litany of testing and validation exercises. The SEDS team frequently asks the developers of each module to run a handful of sensitivities on their module and to present the results of those sensitivities to the entire SEDS group. These sensitivities are intended to shock the various modules in order to observe whether or not the sectors behave reasonably and in-line with expectations. Examples of the sensitivities are high and low fuel price scenarios, high and low macroeconomic scenarios, and a wide range of carbon tax and carbon cap scenarios. Moreover, sector-specific sensitivities are also performed, such as renewable fuel standards for the vehicles and biofuels sectors and renewable electricity standards for the electric sector. Parametric sensitivities are used to change certain drivers up or down in order to see the response of related outputs, and stochastic simulation in itself is very much an exercise in observing the impact on results to a range of inputs. Lastly, SEDS results are frequently compared to results from the Annual Energy Outlook as a means of gauging whether the models are showing similar trends. In fact, the SEDS team performed an exercise whereby SEDS input assumptions related to the electric sector were aligned with input assumptions from the National Energy Modeling System (NEMS is the model that generates results for the Annual Energy Outlook) and results were compared and found to be reasonably consistent. 
Software Platform

SEDS has been developed using the commercially available software Analytica, which is produced by Lumina Decisions Systems, Inc. This software provides numerous advantages to the development process and to the analyses that can be performed with SEDS. Table 3 lists some of the notable advantages that Analytica brings to the SEDS model.
Table 3: Features of the SEDS software platform
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Thanks to many of the features listed above, SEDS is a very easy model to run from a user’s perspective. The influence diagrams and hierarchical structure allow the user to navigate efficiently through the model and infer many of the dependencies between variables. The model is designed to be a point-and-click interface. Clicking on modules allows the user to drop into the next hierarchical level, clicking on variables allows the user to view each variable’s object window which includes the variable’s description, formulation, and parent/children variables. In addition, from a variable’s object window, the variable can be computed and its results can be displayed in modes shown in Figure 5. Results can be instantly graphed or charted, axes and keys on graphs can be modified, and charts can be easily pivoted and expanded or reduced in dimensionality. Figure 4 shows a screenshot from the model and demonstrates how the influence diagram and point-and-click nature of the SEDS model facilitates navigation and comprehension of the model. 
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Figure 4: Screenshot from the SEDS model showing the effectiveness of influence diagrams in illustrating the dependencies between variables

Key Model Outputs

As a user of SEDS, the results of any variable in the model can be easily viewed in table or chart form. Each sector has its own list of key outputs which are grouped together in a readily available location within the module. Someone interested in the buildings sector can break down energy use by commercial and residential sector, then by service type such as refrigeration, heating, cooling, and lighting, and then by the technologies used to provide that service. A user interested in biomass feedstock can see which sectors are consuming biomass and in what quantities. If a user is concerned with CO2 emissions, SEDS can output CO2 emissions by sector, by fuel type, by direct and indirect emitters, and so on. There are thousands of interesting outputs from the SEDS model depending on the analysis being performed. Table 4 lists some of the most significant outputs available.
Table 4: Key outputs from the SEDS model
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Modes of Viewing Results
With stochastic simulation, there can be thousands of Monte Carlo runs. Although SEDS makes the results from each of these runs available for viewing, it is usually best to look at a statistical representation of the results. The Analytica software computes the statistics for the user and provides several modes of viewing the results. A short description of each of these modes is presented below and examples of each mode are exhibited in Figure 5 (“median value” mode is not shown in Figure 5 because it is similar visually to the “mean value” mode).
Median Values: Calculates the 50th percentile from each probability distribution and uses that value when simulating the evolution of the energy system. This is the only approach that does not use Monte Carlo sampling and therefore is deterministic.
Mean Values: Takes the average of all of the Monte Carlo samples and displays those averages.

Stochastic Samples: Displays the results of each Monte Carlo sample without making any statistical inference from them. 

Probability Bands: Shows various percentiles for each result. A percentile is the value of a variable below which a certain percent of samples fall. For instance, the 80th percentile is the value at which 80% of the samples are less than or equal to that value and 20% are greater than that value.

Probability Density: Shows the probability associated with each possible outcome of a specific variable. 

Cumulative Probability: Shows the probability of an outcome being less than or equal to each of the possible values.

Box Plots: Similar to probability bands, this is another way to look at a result’s percentiles.
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Figure 5: Modes of viewing results in SEDS
Modeling Team 

The SEDS modeling team consists of sector experts from Argonne National Laboratory, Lawrence Berkeley National Laboratory, Lumina Decision Systems, National Energy Technology Laboratory, National Renewable Energy Laboratory, Oak Ridge National Laboratory, OnLocation, and Pacific Northwest National Laboratory. The diversity in the group of developers ensures a broad range of energy expertise and modeling knowledge. In addition, collaboration between multiple institutions helps to increase applicability of the model, confidence in results, and visibility to multiple audiences – and it does this while reducing institutional biases.
Following Sections

The following sections are sector-specific and will briefly describe the capabilities of each SEDS module. These sections will give an overview of each module, provide background on the module structure, highlight key outputs, and state potential analyses and their limitations. The order begins with the end-use sectors, then the energy conversion sectors, then the primary energy supply sectors, and ends with the macroeconomic module. Note that technologies represented in each module are divided into two categories: those whose cost and performance have been approximated through the DOE’s program of eliciting probabilistic assumptions from technology experts, and those that come from other sources. 
Module: Residential Buildings Sector

Developed by: Lawrence Berkeley National Laboratory
Overview: This module is responsible for tracking residential floorspace, the demand for building services and technologies selected to meet these demands. Growth in floorspace and demand for services are determined from projections of population and GDP. Demands for services are disaggregated by major end-use (e.g. heating, cooling, lighting) and are based in tangible service units such as lumen hours and heating degree days, rather than in units of energy. Service demands are adjusted to consider the thermal performance of building shell stock (i.e. losses) as well as interactions between end-uses (e.g. internal heat gains, natural day-lighting). A series of stock models determines which technologies will be employed to meet each end-use demand for service on the basis of levelized cost. From the efficiency of the equipment stock, total energy demand is derived. An additional selection process then determines which portion of the electricity demand will be met using on-site PV, based on a comparison of the levelized cost of PV with current residential electricity price. At present, the module is disaggregated by census region in order to consider regional variations in parameters relating to climate, prices and regulations. 

Growth

Growth of residential building floorspace is determined internally utilizing a linear multivariate econometric regression of population and GDP.

Market Share

For each end-use, a set of different service technologies compete against each other based on each technology’s levelized cost of meeting the specified demand.

Energy Requirements

Demand for energy is determined by tracking the composition and efficiency of the equipment stock and the demand for service for each end-use. 

Retirements
Equipment retirements are age-based and determined by a specified average lifetime for each technology and vintaging parameters. Economic retirement functionality is present, but not currently used. 

Retrofits
Retrofitting of residential building equipment stock or shell is not directly considered in the module. However, approximations of retrofitting can be specified manually at a number of points throughout the module. Additionally, a proxy for retrofitting is used in the case of existing building shell improvements. 

Pricing

N/A

Key Output Metrics: 

	· Electricity demand
	· Carbon emissions

	· Natural gas demand
	· Carbon intensity (per m2)

	· Light fuel oil demand
	· Energy intensity (per m2)

	· PV generation
	· Investment costs


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· Distributed PV
	· Advanced windows:

	
	· Highly insulating

	· Lighting: LEDs
	· Dynamic (electrochromic)

	
	· Combined


B. Cost and performance assumptions not derived from expert elicitations

	· Lighting:
	· Space Heating:

	· Incandescent
	· Low (<80 efficiency) AFUE gas

	· Fluorescent
	· Medium (80-90 efficiency) AFUE gas

	· CFL
	· High (90+ efficiency) AFUE gas

	· Halogen
	· Medium (80-85 efficiency) oil

	· HID
	· High (85+ efficiency) oil

	· DHW:
	· Electric resistance

	· Conventional gas storage
	· Air source heat pump

	· High-efficiency gas storage
	· Ground source heat pump

	· Condensing gas storage
	· Space Cooling:

	· Conventional oil-fired storage
	· Central AC (low eff.)

	· Min. efficiency electric storage
	· Central AC (high eff.)

	· High efficiency electric storage
	· Room AC (low eff.)

	· Demand gas
	· Room AC (high eff.)

	· Electric heat pump water heater
	· Windows:

	· Solar with electric back-up
	· Low insulating

	· Refrigeration:
	

	· Low (pre 1993)
	

	· Medium (conventional)
	

	· High (Energy Star)
	

	· Ultra-high (future)
	

	
	


Potential Analyses: This module is capable of evaluating R&D to improve key technology performance and the impact on market share and adoption rates, the impacts of various incentives on the installation of PV and other technologies, the effect of buildings codes that specify building shell thermal performance, and the evolution of buildings equipment stock in response to carbon regulation, fuel price and macroeconomic scenarios. Additionally, policies to target changes in consumer behavior and demand for service levels can be considered. 

Limitations of Analyses: The residential building sector is currently limited to a single general building type, preventing it from assessing policies that target specific buildings. While the module employs regional functionality, it is missing key inputs (for instance regional fuel prices) that would enhance its level of analysis. At present, the decision-making algorithm cannot consider multi-service technologies, such as heat pumps and CHP.

Module: Commercial Buildings Sector

Developed by: Lawrence Berkeley National Laboratory
Overview: This module is responsible for tracking commercial floorspace, the demand for building services and technologies selected to meet these demands. Growth in floorspace and demand for services are determined from projections of population and GDP. Demands for services are disaggregated by major end-use (e.g. heating, cooling, lighting) and are based in tangible service units such as lumen hours and heating degree days, rather than in units of energy. Service demands are adjusted to consider the thermal performance of building shell stock (i.e. losses) as well as interactions between enduses (e.g. internal heat gains, natural day-lighting). A series of stock models determines which technologies will be employed to meet each end-use demand for service on the basis of levelized cost. From the efficiency of the equipment stock, total energy demand is derived. An additional selection process then determines which portion of the electricity demand will be met using on-site PV, based on a comparison of the levelized cost of PV with current commercial electricity price. At present, the module is disaggregated by census region in order to consider regional variations in parameters relating to climate, prices and regulations. 

Growth

Growth of commercial building floorspace is determined internally utilizing a linear multivariate econometric regression of population and GDP.

Market Share

For each end-use, a set of different service technologies compete against each other based on each technology’s levelized cost of meeting the specified demand.

Energy Requirements

Demand for energy is determined by tracking the composition and efficiency of the equipment stock and the demand for service for each end-use. 

Retirements
Equipment retirements are age-based and determined by a specified average lifetime for each technology and vintaging parameters. Economic retirement functionality is present, but not currently used. 

Retrofits
Retrofitting of commercial building equipment stock or shell is not directly considered in the module. However, approximations of retrofitting can be specified manually at a number of points throughout the module. Additionally, a proxy for retrofitting is used in the case of existing building shell improvements. 

Pricing

N/A

Key Output Metrics: 

	· Electricity demand
	· Carbon emissions

	· Natural gas demand
	· Carbon intensity (per m2)

	· Light fuel oil demand
	· Energy intensity (per m2)

	· PV generation
	· Investment costs


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· Distributed PV
	· Advanced windows:

	
	· Highly insulating

	· Lighting: LEDs
	· Dynamic (electrochromic)

	
	· Combined


B. Cost and performance assumptions not derived from expert elicitations

	· Lighting:
	· Space Heating:

	· Incandescent
	· Low (<80) efficiency AFUE gas

	· Fluorescent
	· Medium (80-90) efficiency AFUE gas

	· CFL
	· High (90+) efficiency AFUE gas

	· Halogen
	· Medium (80-85) efficiency oil

	· HID
	· High (85+) efficiency oil

	· DHW:
	· Electric resistance

	· Conventional gas storage
	· Air source heat pump

	· High-efficiency gas storage
	· Ground source heat pump

	· Condensing gas storage
	· Space Cooling:

	· Conventional oil-fired storage
	· Packaged (low efficiency)

	· Min. efficiency electric storage
	· Packaged (high efficiency)

	· High efficiency electric storage
	· Electric recip. chiller (low eff.)

	· Demand gas
	· Electric recip. chiller (high eff.)

	· Electric heat pump water heater
	· Electric centrifugal chiller (low eff.) 

	· Solar with electric back-up
	· Electric centrifugal chiller (high eff.) 

	· Refrigeration:
	· Rotary screw chiller (low eff.)

	· Low (pre 1993)
	· Rotary screw chiller (high eff.)

	· Medium (conventional)
	· Individual room AC

	· High (Energy Star)
	· Absorption chiller

	· Ultra-high (future)
	· Windows:

	
	· Low insulating


Potential Analyses: This module is capable of evaluating R&D to improve key technology performance and the impact on market share and adoption rates, the impacts of various incentives on the installation of PV and other technologies, the effect of buildings codes that specify building shell thermal performance, and the evolution of buildings equipment stock in response to carbon regulation, fuel price and macroeconomic scenarios. Additionally, policies to target changes in consumer behavior and demand for service levels can be considered. 

Limitations of Analyses: The commercial building sector is currently limited to a single general building type, preventing it from assessing policies that target specific buildings. While the module employs regional functionality, it is missing key inputs (for instance regional fuel prices) that would enhance its level of analysis. At present, the decision-making algorithm cannot consider multi-service technologies, such as heat pumps and CHP.
Module: Light Duty Transportation Sector

Developed by: Argonne National Laboratory
Overview: This module tracks light duty vehicle stock and its associated fuel consumption and carbon emissions. The module evaluates car and light truck technologies that are currently in the market and others that are at research and development stage and are likely to enter the light duty market during SEDS’ simulation horizon. Technologies compete for market share through a vehicle choice model.  Vehicle attributes such as vehicle price, fuel cost per mile, maintenance costs, fuel availability, acceleration, range, luggage space, home refueling, and vehicle availability are used in determining market shares for each technology.  Macroeconomic and fuel price information from other modules are used in estimating new vehicle sales and vehicle operating costs.  Vehicle survival and age-dependent usage models track light duty vehicles from the time they enter the market until the time they are scrapped.

Growth

Growth in car and light truck sales is dependent on driving age population, GDP growth, and fuel costs.

Market Share

A vehicle choice algorithm is used to determine vehicle market share. Each technology is characterized by nine attributes: (1) purchase price, (2) fuel cost per mile, (3) range on full tank and/or charge, (4) maintenance cost, (5) acceleration time, (6) luggage space, (7) fuel availability, (8) home refueling option, and (9) make and model availability. Each technology has different attributes for its car and light truck models.
Energy Requirements

This module tracks the physical stock of cars and light trucks, their fuel economy and usage to determine the energy demand of the light duty sector.

Retirements
Age dependent vehicle survival functions determine the vehicle retirement rate. Vehicle usage also decreases with age and is influenced by fuel price.

Retrofits
Not Applicable

Pricing

Not Applicable

Key Output Metrics: 

	· Gasoline demand
	· Diesel demand

	· CNG/LPG demand
	· Electricity demand

	· Hydrogen demand
	· CO2 emissions

	· New vehicle investments

· Car & light truck stock
	· Car & light truck sales

· Car & light truck VMT


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· Advanced SI (flex fuel)
	· Advanced CI (diesel)

	· Hybrid electric (flex fuel)
	· Hybrid electric (diesel)

	· Plug-in hybrid electric (flex fuel/electricity)
	· Plug-in hybrid electric fuel cell (hydrogen/electricity)

	· Fuel cell (hydrogen)
	


B. Cost and performance assumptions not derived from expert elicitations

	· Conventional SI (gasoline)
	· Conventional CI (diesel)

	· Conventional flex fuel
	· Gaseous fuel (CNG/LPG)

	· Electric
	· Hybrid electric (gasoline)


Potential Analyses: The effects of (a) fuel prices and macroeconomic conditions, (b) technology-specific price incentives, (c) exogenously evaluated changes in technology cost, fuel economy, and performance due to government-sponsored research programs, and (d) consumer perspective of various technologies can be analyzed with this module.  The module generates vehicle stock, fuel consumption and carbon dioxide emissions estimates for each scenario simulated.

Limitations of Analyses: The module does not simulate regional differences and variations in light duty vehicle sales, survival rates, and miles driven in the different parts of U.S. Other items that cannot be simulated explicitly include behavioral differences relating to new technology preferences, variations in driving patterns of consumers, and multiple daily charging scenarios for plug-in hybrid electric vehicles powered by internal combustion engines or fuel cells.

Module: Heavy Duty Transportation Sector

Developed by: Argonne National Laboratory
Overview: The module estimates the energy consumption of heavy-duty and off-road transportation in the United States. There are six heavy-duty subsectors: (1) heavy highway vehicles, (2) aviation, (3) railroads, (4) pipelines, (5) water transport, and (6) other off-highway modes. Heavy highway vehicles are broken down by heavy and medium trucks. Aviation is disaggregated by domestic commercial, international commercial, and general aviation. Energy demand estimation procedures were developed after evaluating various attributes of each subsector. Macroeconomic changes, commodity demand (e.g., distillate, coal, and natural gas demands), and fuel price data from other modules are used in estimating energy demanded by the heavy transportation sector. Vehicle survival and age-dependent usage models track medium- and heavy-duty trucks from the year of purchase until they are scrapped.

Growth
Growth in the heavy duty transportation subsectors is determined by regression equations that are functions of macroeconomic data, petroleum price, and fuel (coal, gas, and distillate) demand.

Market Share

While the heavy duty transportation subsectors do not directly compete for market share on a cost basis, the market share will fluctuate depending on macroeconomic changes and growth rates in the various subsectors.

Energy Requirements

The model tracks medium and heavy trucks by vintage. Truck sales, fuel economy and age-dependant usage determine truck energy requirements. Rail and aviation sectors use estimated demand output (ton miles traveled and revenue passenger miles respectively) and the corresponding energy intensity. Bus, pipeline, water freight, and other off highway energies are directly estimated based on changes in macroeconomic conditions, selected commodity demand, and population.

Retirements
For medium and heavy duty trucks, age-dependent survival functions determine the retirement rate. Vehicle usage decreases with age, but is also influenced by fuel price.

Retrofits
Not Applicable.

Pricing

Not Applicable

Key Output Metrics: 

	· Heavy duty diesel demand
	· Heavy duty electricity demand

	· Heavy duty gasoline demand
	· Heavy duty residual fuel oil demand

	· Heavy duty jet fuel demand
	· Heavy duty CO2 emissions

	· Heavy duty natural gas demand
	· Energy intensities for all subsectors


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· Medium duty trucks MPG
	· Heavy duty trucks MPG


B. Cost and performance assumptions not derived from expert elicitations

	· Aviation energy intensity
	· Rail energy intensity


Potential Analyses: The effects of petroleum prices, commodity-dependent freight mode energy demand, exogenously evaluated changes in heavy vehicles and aircraft fuel economy, and macroeconomic changes can be analyzed with this module. The module generates fuel consumption and carbon dioxide emissions estimates for each scenario simulated.

Limitations of Analyses: SEDS does not track the transportation of many commodities, so the heavy duty module cannot easily evaluate mode shifting. It also does not include regional differences and variations in subsector energy intensity in different parts of the U.S.

Module: Industrial Sector

Developed by: Pacific Northwest National Laboratory
Overview: This module is a representation of the U.S. manufacturing sector with energy consumption driven by the principal processes required to achieve the manufacturing output.   Major end-uses and auxiliary services required by primary processes account for direct and indirect energy consumption by the sector. Total demand includes consumption reductions attributed to cogeneration.  Technology cost and performance along with fuel costs are used to make investment decisions related to which technologies will be used to meet the growth in manufacturing demand at the lowest cost. Capital costs, fixed and variable operation and maintenance costs, emissions costs, tax incentives, and expected utilization are used to calculate the levelized annual total cost for each technology. Production tax credits, investment tax credits, and accelerated depreciation can be applied to appropriate technologies leading to lower levelized annual costs. The combination of these factors produces a levelized annual cost used to determine how market share of new capacity additions given to competing technologies. Three generations of technologies compete for new stock additions: current, state-of-the-art, and advanced. Current generation captures the technologies that are available now and will not be competing for new share additions after 2015.  This generation has lower levelized capital cost, but high fuel intensities.  The state-of-the-art is competitive with the current stock in the near term, and advanced technology becomes competitive with these two in 2025.  The state-of-the-art and advanced technologies have higher capital cost and a lower fuel requirement. Multiple fuel options are included for each technology type where fuel substitution is appropriate.  

Growth

Growth is principally dependent on the manufacturing growth rate which is an output from the macroeconomic module.

Market Share

A collection of different process technologies and supportive auxiliary technologies compete against each other based on each technology’s levelized annual cost.

Energy Requirements

In order to determine the energy consumed during the manufacturing process, this module tracks primary and auxiliary processes required to meet the manufacturing output and the stock of equipment associated with those processes.

Retirements
Vintages of equipment stocks are tracked such that stock is retired over time based on each technology’s expected economic life.  The model adjusts current processes accordingly and then calculates new capacity additions.

Retrofits
Improvements to the fuel intensity and operating costs can be used as a proxy for retrofits. However, the module is not currently formulated to turn over the stock separately from the retirement schedule; a user would need to define the improvements over time. 

Pricing

The price of byproduct gas is calculated as a weighted average of coal, natural gas and oil prices that are external to the Industrial module. 
Key Output Metrics: 

	· Energy requirements by fuel type
	· Energy expenditures

	· Byproduct gas price
	· Energy intensity

	· CO2 emissions
	· Capital expenditures


Technologies Represented:

A. Major processes derived from CIMS database
	· Process heating
	· Electrochemical processes

	· Process refrigeration
	· Other primary manufacturing processes


B. Auxiliary services required by major processes
	· Pumps
	· Fans

	· Compressors
	· Conveyors

	· Motors
	· Lighting

	· Boilers
	· Cogeneration


Potential Analyses: This module is capable of evaluating the dynamics of the industrial sector to meet various manufacturing growth rates, the response to carbon policy, the results of research and development on technology improvement, and the effects of fuel price and technology cost scenarios.
Limitations of Analyses: The industrial sector is currently national in scope and has no regional considerations at present.  Additionally, primary processes do not reflect real-world applications. Rather, they are aggregate representations of equipment averages across the manufacturing sector, which are derived from the CIMS database.
Module: Electric Power Sector

Developed by: National Renewable Energy Laboratory
Overview: This module uses expectations about future fuel prices and technology cost and performance to make investment decisions related to which generating technologies will be used to meet the growth in electricity demand at the lowest cost. New generating capacity is built with consideration to the particular market that a plant will be used for. For example, the module makes a clear distinction between base-load generation requirements and peak-load requirements and selects technologies that are best-suited to deliver electricity at low cost within those markets. Resource constraints for technologies like wind, CSP, PV, and geothermal are taken into consideration and are represented by supply curves. In addition, the capacity value and level of curtailment of variable resource technologies such as wind and PV are a function of the market penetration value of those technologies. When deciding how the electric system will be dispatched to meet the demand for electricity, the lowest cost generators are given preference. Energy consumption by the electric sector is a function of the amount of electricity being demanded, the types of generators dispatched, and the efficiency of those generators. Once investment and dispatch decisions have been determined, the electric sector module produces electricity prices associated with three customer types. These prices are a function of investments in plants and equipment, fuel costs, operating and maintenance costs, transmission and distribution costs, and taxes.

Growth

Growth in electric generating capacity is dependent on growth in electricity demands from the other sectors.

Market Share

A collection of different generating technologies compete against each other based on each technology’s levelized cost of energy in each electricity market.

Energy Requirements

This module tracks the physical stock of electric generators and their efficiencies and capacity factors over time in order to determine the energy consumed during the process of meeting electricity demand.

Retirements
Power plants are retired based on scheduled retirements and economic retirements. Scheduled retirements are exogenous whereas economic retirements occur when the cost of operating a plant becomes more costly than building a new plant on a present value basis.

Retrofits
Improvements to existing plant performance and operating costs can be used as a proxy for retrofits. However, the module is not currently formulated to make these decisions; a user would need to define the improvements over time. 

Pricing

This module applies average cost pricing when determining electricity price. The price of electricity is calculated such that electricity producers are ensured a fair rate of return on their capital investments.

Key Output Metrics: 

	· Electricity generated by technology
	· Electricity price by customer type

	· Electric capacity by technology
	· Capital expenditures

	· Fuel consumption by fuel type
	· Fuel expenditures

	· CO2 emissions
	· Value of tax incentives


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· Geothermal, hydrothermal
	· Wind

	· Geothermal, near-field EGS
	· CSP

	· Geothermal, deep EGS
	· PV


B. Cost and performance assumptions not derived from expert elicitations

	· Coal, old and unscrubbed*
	· Other fossil steam*

	· Coal, old and scrubbed*
	· Biomass

	· Coal, new
	· Biomass, with CCS

	· IGCC
	· Nuclear, old*

	· IGCC, with CCS
	· Nuclear, new

	· Combined cycle
	· MSW and landfill gas*

	· Combined cycle, with CCS
	· Combustion turbine

	· Hydroelectric*
	


*Not allowed to compete for new capacity
Potential Analyses: This module is capable of evaluating the effects of a national renewable electricity standard, the impacts of production/investment tax credits and government-backed loan guarantees, the response of the electric sector to carbon taxes or carbon caps, the results of improving the performance and efficiency of existing power plants, and the effects of fuel price, technology cost, or electricity demand scenarios.

Limitations of Analyses: The electric sector is currently a single-region module, so it is not well suited for regional analyses. The transmission system is not included in this model and cannot be evaluated. The model is based on a one-year time step, which only allows simplified analyses of time-of-use pricing or load shifting.
Module: Biofuels Sector

Developed by: Lumina Decision Systems

Overview:  This module projects the production and price of biofuels, such as ethanol, from biomass feedstock(. Corn ethanol supply and price are exogenously specified and are based on AEO projections. However, the biochemical production of ethanol from lignocellulosic biomass is modeled more extensively.. It takes as input the demand for biofuels and builds out cellulosic ethanol production capacity accordingly. Biomass feedstock supply constraints are taken into consideration when estimating how much production capacity to add each year. The biofuels module calculates the price of ethanol, given the endogenously estimated price of biomass feedstock, and the capital costs, yield (efficiency), and operating costs of the plant. Based on the characteristics of the stock of production plants and the demand for biofuels, the cost of biofuel production is calculated. Depending on the user’s preference, the module can use average cost or marginal cost pricing methods to determine the price of delivered cellulosic ethanol, to which any subsidies are finally applied. Lastly, the module calculates the consumption of biomass feedstock and the excess electricity delivered to the grid as a result of the production process.

Growth
Growth in biofuels production capacity is driven by growth in demand for biofuels from the end-use sectors, subject to a user-defined growth constraint. 

Market Share
Although there is currently only one biofuel production technology represented, the module includes the capability to have different biofuel production technologies compete against each other based on their levelized cost of energy. The levelized cost of energy is calculated using fuel price projections among other cost components. 

Energy Requirements
The module tracks the stock of ethanol production plants and their efficiencies and capacity factors over time in order to estimate the energy consumed during the process of meeting biofuels demand.  

Retirements
Biofuels production plants are retired based on age-based retirements, i.e., at the end of their stock life. 

Retrofits
Improvements to existing plant performance and operating costs can be used as a proxy for retrofits. However, the module is not currently formulated to make these decisions; a user would need to define the improvements over time. 

Pricing

This module uses average cost pricing methods to estimate the price of ethanol, which is based on the average levelized cost of energy for a stock of plants. Marginal cost pricing can also be selected by the user.

Key Output Metrics: 

	· Total cellulosic capacity
	· Corn ethanol price

	· Consumption of biomass
	· Bio-electricity production

	· Cellulosic ethanol price (with and without subsidy)
	· Biofuels Plant Investments

	· Corn ethanol supply capacity
	


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations
	· Cellulosic ethanol


B. Cost and performance assumptions not derived from expert elicitations

	· Corn ethanol*


*Not allowed to compete for new capacity
Potential Analyses: This module is capable of analyzing the effect of various levels of R&D funding on the cost and performance of biofuels technologies, the response of the biofuels sector to carbon taxes or carbon caps, the impact of biofuel producer subsidies, and the effect of various biofuels capacity scenarios in meeting the renewable fuel standard. The prices generated by this module serve as inputs to biofuels-demand modules where technology deployment, capacity factors, and economics can be further evaluated.

Limitations of Analyses: The module treats the U.S. as a single region, so it ignores regional variations in biomass costs, production costs, biofuels demand, and distribution of biofuels. It currently treats only biochemical cellulosic ethanol production, and not thermochemical cellulosic ethanol, biodiesel, biogas and other pathways from biomass to automotive fuels. Corn ethanol pricing and supply is treated exogenously. 

Module: Hydrogen Sector

Developed by: Lumina Decision Systems

Overview:  This module is a representation of the U.S. hydrogen production sector. The module uses expectations about future fuel prices and technology cost and performance to make investment decisions related to which hydrogen production technologies will be used to meet the growth in hydrogen demand at the lowest cost. The model accepts as inputs the prices for various fuels (commercial and electric natural gas and biomass feedstock) and the demand for hydrogen. It also uses assumptions about capital costs, operating costs, intensity (1/efficiency) and capacity factors for plants of five different hydrogen technologies. Based on expectations of fuel prices and the cost and performance of the different production technologies, the module determines the expected levelized cost of energy for each technology type and assigns market share to the least cost technologies. Hydrogen production capacity is built to meet demand, and the characteristics of the stock of production facilities along with fuel prices determine the cost of producing hydrogen. The model also accounts for hydrogen distribution costs. Depending on the user’s preference, the module can use average cost or marginal cost pricing methods to determine the price of delivered hydrogen, to which any subsidies are finally applied. Lastly, the module calculates the consumption of fuels and CO2 emissions related to that consumption as a result of the production process.

Growth
Growth in biofuels production capacity is driven by growth in demand for hydrogen from the end-use sectors, subject to a user-defined growth constraint. 

Market Share
The module includes the capability to have different hydrogen production technologies compete against each other based on their levelized cost of energy. The levelized cost of energy is calculated using fuel price projections among other cost components. 

Energy Requirements
The module tracks the stock of hydrogen production plants and their efficiencies and capacity factors over time in order to estimate the energy consumed during the process of meeting hydrogen demand.  

Retirements
Hydrogen production plants are retired based on age-based retirements i.e. at the end of their stock life. 

Retrofits
Improvements to existing plant performance and operating costs can be used as a proxy for retrofits. However, the module is not currently formulated to make these decisions; a user would need to define the improvements over time. 

Pricing

This module uses average cost pricing methods to estimate the price of hydrogen, which is based on the average levelized cost of energy for a stock of plants. Marginal cost pricing can also be selected by the user.
Distribution Cost Model
The hydrogen module provides two options to estimate the distribution costs of hydrogen. One explicitly estimates the proportion of hydrogen demand stemming from rural and urban areas, and another which generalizes the results of more detailed distribution cost models and includes uncertainty.

Key Output Metrics: 

	· Total hydrogen capacity
	· Natural gas demand

	· Hydrogen price
	· Total production from biomass

	· Biomass demand
	· CO2 emissions


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations
	· Central Biomass
	· Central Wind Electrolysis

	· Central SMR 
	· Distributed Ethanol Reformation

	· Distributed SMR
	· Compression, Storage, and Dispensing (CSD)


Potential Analyses: This module is capable of analyzing the effect of various levels of R&D funding on the cost and performance of hydrogen technologies, the response of the hydrogen sector to carbon taxes or carbon caps, the impact of hydrogen producer subsidies, and the effect of various demand, fuel price, technology cost and performance scenarios. It can also be used to explore the effect of increased adoption of fuel cell vehicles on hydrogen supply. The prices generated by this module serve as inputs to hydrogen-demand modules where technology deployment, capacity factors, and economics can be further evaluated.

Limitations of Analyses: The model currently has limited representation of regional variations in hydrogen demand and hydrogen distribution and production costs.
Module: Liquid Fuels Sector

Developed by: Argonne National Laboratory
Overview: 

The Liquid Fuels Module is a petroleum refining model which includes gasification technology to produce Fischer-Tropsch fuels, blending of gasoline and ethanol to make E85 and conventional gasoline (with up to 10 percent ethanol), and production of distillate fuel. The module is based on the MARS model which is a detailed model of U.S. petroleum refining developed at Argonne. 
The module estimates the amount of crude oil and refinery fuels (natural gas, electricity) needed to meet end-user demand for gasoline, diesel, jet fuel, and fuel oils. Hydrogen production from natural gas for refinery hydroprocessing is included. Since the ratio of gasoline to distillate produced by a refinery is limited, any excess gasoline or distillate is exported while additional gasoline or distillate is imported. The ratio of gasoline to distillate is allowed to change over time to accommodate more distillate production. This is done at the refinery by changing crude distillation cut points, blending, adding hydrocracking capacity, and selecting heavier oils which produce more distillate. The module determines end-use fuel prices based on crude oil price, refinery fuel price, distribution costs, other variable costs and return on investment.

Biodiesel and coal-to-liquids (gasification technology with carbon capture and sequestration) fuels are blended with petroleum gasoline and distillate fuels.

The gasoline-ethanol blending sub-module determines the amount of ethanol blended into conventional gasoline (up to E10) and the amount of E85 produced. This is dependent on the Renewable Fuels Standard (RFS), the amount of ethanol available from the biofuels module, and the stock of flex fuel vehicles available to use the fuel. 

Growth

Growth in refinery capacity is dependent on growth in demands from the end-use sectors, primarily the vehicles sectors. Liquid Fuels supply expands or contracts as needed to match demand generated in other SEDS modules. Supply and demand are implicitly in equilibrium due to the ability to import and export fuels.

Market Share

Ethanol (cellulosic and corn based) compete for market share with gasoline based on the cost per unit energy. This is implemented within the RFS scheme where a minimum amount of total ethanol and a maximum amount of corn ethanol is prescribed.

Energy Requirements

This module estimates the amount of energy needed to convert crude oil into finished refinery products. The estimates are based on observed energy requirements per unit of fuel produced.

Retirements
Refinery retirements are not tracked explicitly. In practice some refineries may be shut down if gasoline and diesel fuel demand drops, but this module does not model those decisions.

Retrofits
Biofuels processing steps are retrofitted into existing refinery processes.
Pricing

The price of diesel, gasoline, E85, light fuel oil and heavy fuel oil are determined by primary fuel cost and production cost, with total costs balancing total revenues. Tax and distribution costs are included in the final end-use price. Average cost pricing is employed rather than marginal cost pricing.

Key Output Metrics: 

	· Crude oil demand
	· Refinery electricity demand

	· Refinery natural gas demand
	· CTL coal demand

	· Gasoline and E85 produced
	· Diesel, gasoline, E85 price

	· Light and heavy fuel oil price
	· CO2 emissions


Technologies Represented:

A. Cost and performance assumptions derived from expert elicitations

	· None
	


B. Cost and performance assumptions not derived from expert elicitations

	· CTL Fischer-Tropsch fuels with carbon capture and sequestration
	


Potential Analyses: 
The module enables analysis of the petroleum refinery process, including tracking energy and fuel used to produce a range of finished end-use fuels. Exploring the consequences of renewable fuel standards on fuel prices and feedstock fuel consumption is possible with this model. As more biofuels become available from the SEDS biofuels module, their impact on fuel prices and CO2 intensity can be analyzed. Refinery CO2 emissions for these processes are estimated. End-use fuel prices are calculated, which serve as inputs to liquid-fuel-demand modules where technology deployment, capacity factors, and economics can be further evaluated.

Limitations of Analyses: 

Currently the amount of biodiesel and CTL fuels are exogenously specified. The physical stock of refinery capacity is not explicitly modeled, and therefore cannot be evaluated with any detail. In addition, the transportation structure enabling the trade of liquid fuels is not modeled.

Module: Biomass Sector

Developed by: Lumina Decision Systems

Overview:  This module generates biomass supply curves, where the biomass feedstock price is a function of volume demanded and time. The SEDS biomass supply curves are adaptations of supply curve estimates generated from POLYSYS, a bioenergy simulation model developed at the University of Tennessee. The supply curves generated from runs of POLYSYS include agricultural residues, forest residues, energy crops, soy and corn. Because the SEDS biomass module is focused primarily on non-food feedstocks, soy and corn are removed from its supply estimates. In addition, the SEDS biomass module sums over the remaining feedstock types in order to produce supply curves that are undifferentiated by feedstock type. These curves are then used to estimate the maximum biomass supply available at any price. The module calculates the total amount of unused biomass available and passes this information along to biomass-demand sectors, who use this information to  constrain the amount of new biomass feedstock demand that they request. Finally, using the aggregated biomass supply curves and the aggregated biomass demand from all sectors, a national average price of biomass is generated.
Growth
Sectors that demand biomass are informed of the maximum amount of biomass production that is available. Based on this information, the biomass-demand sectors ensure that their demand does not exceed the maximum feedstock production. As a consequence, biomass supply expands or contracts as needed, while not exceeding maximum production levels, in order to match demand requested by other SEDS modules. The effect of this dynamic is that supply and demand are implicitly in equilibrium. 

Market Share
N/A

Energy Requirements
Energy consumed during the production and transportation of biomass feedstock is implicitly included in the industrial and heavy duty transportation modules.

Retirements
N/A

Retrofits
N/A 
Pricing

The biomass supply curves are used to calculate the price of biomass as a function of demand, assuming average cost pricing (the option to use marginal cost pricing is also made available). This ensures that the unit price of biomass is set relatively close to the average cost needed to produce it.
Key Output Metrics: 

	· Biomass price 

	· Maximum biomass supply

	· Unused biomass available


Technologies Represented:

Although no explicit technologies are included in the biomass module, the supply curves implicitly include assumptions about crop growing and harvesting technologies.
Potential Analyses: This module is capable of generating biomass price estimates as a function of feedstock demand over time. The effects of growers subsidies can be explored by reducing the per unit price of biomass and examining how the amount and source of biomass demand changes. It also calculates the maximum biomass supply available to be used as feedstock in the hydrogen, biofuels, and electric power sectors. These prices and supply quantities serve as inputs to biomass-demand modules where technology deployment, capacity factors, and economics can be further evaluated.

Limitations of Analyses: There is currently only a nationwide perspective on supply and pricing, so it is not well suited for regional analysis. In addition, this module is not configured to address land-use impacts as a result of increased demand for biofuels 

Module: Natural Gas Supply Sector

Developed by: David K. Schmalzer, based, in part, on data and other inputs from EIA, NETL, BNL, and NREL
Overview: This module responds to natural gas demand inputs originating from various energy sectors and supplies delivered natural gas prices to those sectors. Supply curves are included for lower-48 domestic conventional gas, lower-48 gas-shale gas, imported (pipeline) Canadian gas, Alaskan natural gas, and LNG imports.  The supply curves for domestic conventional gas and shale gas are given by low, high, and reference shale gas production scenarios. The user is able to select a single scenario to evaluate, or the user can allow SEDS to randomly draw conventional and shale gas curve projections that fall between the low and high shale gas scenarios. The LNG supply curves are a function of the utilization rates of re-gasification capacity and world oil prices. The utilization rates are calculated by the natural gas module whereas the world oil prices are determined within the SEDS world oil module. The Alaskan pipeline’s year of initial operation is a user input that can be specified deterministically or stochastically. Using the aggregate demand for natural gas, the natural gas module determines which supply sources to use in order to meet demand at the lowest cost. This mix of natural gas supply sources will determine the national average wellhead price of natural gas. Delivered prices for residential, commercial, industrial, and electric power sector customers are adjusted from the average wellhead price based on EIA historical data and AEO projections. 

Growth

Natural gas supply expands or contracts as needed to match demand generated in other SEDS modules. Supply and demand are implicitly in equilibrium. Transient market behavior, e.g., recessions, are not modeled. Most reserve and production growth is based on gas-shale development in the lower-48 states.

Market Share
Supply source market share will vary with assumptions regarding availability and costs of resource types and such things as the timing and capacity of an Alaska gas pipeline. Additionally, SEDS variables external to the gas supply module, including aggregate demand and world oil price, will impact market shares. In the reference case conventional lower-48 supply remains the major source through the simulation period with volumes declining slightly but with market share declining from about 75% to about 50%. Growth in gas shale-based production and the onset of Alaskan gas pipeline operation provide most of the volume growth. Alaskan pipeline operation is set for 2023 though that remains uncertain and can be varied.
Energy Requirements

Energy requirements for natural gas production and transportation are developed in the industrial and transportation modules.

Retirements
Natural gas production and transportation capital requirements are not modeled explicitly; they are implicit in the wellhead gas price and in the price differentials between the average wellhead price and the sectoral delivered prices.

Retrofits
Retrofits are not modeled in this module.

Pricing

This module develops national average wellhead pricing when determining natural gas supply curves. Sectoral delivered natural gas prices are adjusted from the average price based on EIA historical data and AEO projections.

Key Output Metrics: 

	· National gas production
	· Gas imports: pipeline and LNG

	· National average wellhead prices
	· Sectoral delivered gas prices


Supply Represented:

	· Conventional lower 48 supply curves
	· Gas-shale gas supply curves

	· Canadian gas import supply curves
	· Alaskan gas supply curves

	· LNG import scenarios
	· 


Potential Analyses:  The natural gas supply module can provide gas supply curves that reflect differing levels of demand, high and low shale gas resource and cost scenarios, timing of the Alaska gas pipeline, and the timing, extent, and trajectory of LNG-import supply. These prices serve as inputs to natural gas-demand modules where technology deployment, capacity factors, and economics can be further evaluated.
Limitations of Analyses: The natural gas supply module is currently a lumped-resource model with little regional granularity. All lower-48 conventional gas is a single lump as is all lower-48 shale gas. Alaskan, Canadian, and import LNG are similarly treated. Consequently, regional differences in resources, costs, and transportation cannot be explored in any depth. Environmental regulatory impacts on gas shale-derived gas production can only be crudely simulated by invoking supply curves with high and low resource availability and costs.

Module: Coal Supply Sector

Developed by: David K. Schmalzer, based, in part, on data and other inputs from EIA, NETL, BNL, and NREL
Overview: This module responds to coal demands originating from the electric power, industrial and liquid fuels sectors and supplies delivered coal prices to those sectors. The coal module uses coal supply curves to determine the minemouth coal price for a given national demand for coal. Supply curves are based on correlations of historic and projected coal supply volumes and prices for several scenarios including a reference case and high and low coal production cases. A cost adjustment is applied to reflect changes in extraction and delivery costs as a function of world oil prices. Carbon taxes, fees and other regulatory impacts are not explicitly modeled in the coal supply module but are represented in SEDS by cost adders in the modules where coal is consumed. 

Growth

Coal supply expands or contracts as needed to match demand generated in other SEDS modules. Supply and demand are implicitly in equilibrium. Transient market behavior, e.g., recessions, are not modeled. Proven coal reserves are large enough to support credible production growth over the SEDS time horizon, hence resource exhaustion is not considered.

Market Share

Coal supply is unitized at a national level. The module does not capture regional mining or transportation elements. Neither does it differentiate coal types or coal mining methods.

Energy Requirements

Energy requirements for coal mining and transportation are developed in the industrial and transportation modules.

Retirements
Mining and transportation retirements and capital requirements are not modeled explicitly; they are implicit in the mine mouth coal costs and in the transportation costs.

Retrofits
Retrofits are not modeled in this module.

Pricing

This module develops national average pricing when determining coal supply curves. Sectoral coal prices are adjusted from the average price based on EIA historical data and AEO projections. Liquid fuels production-based coal demand and other industrial coal demand are lumped as ‘Industrial’ for pricing.

Key Output Metrics: 

	· National coal production
	· Electric power coal price

	· National average coal prices
	· Industrial coal price


Technologies Represented: The coal module does not explicitly model technology pathways. However, the supply curves implicitly include assumptions about underground and surface coal mining and the impacts of high and low mining costs.
Potential Analyses:  The coal supply module can provide coal supply curves that reflect differing levels of demand and high and low coal production cost scenarios. In addition, the effect of oil prices on delivered coal prices can be explored. These prices serve as inputs to coal-demand modules where technology deployment, capacity factors, and economics can be further evaluated.
Limitations of Analyses: The coal supply module is currently a single-region model, so it is not well suited for regional analyses. Regional and coal-type resource limitations are not modeled. This was not deemed to be a significant drawback because considerably greater national-level coal resources are available than the amount that might be utilized in the SEDS time horizon. This is clearly a substantial simplification of the actual coal production and utilization enterprise in the U.S.

Module: World Oil Sector

Developed by: Oak Ridge National Laboratory
Overview: This module responds to the demand for crude-oil-based fuel from end-use sectors (transportation, electric power, industry and buildings) and determines crude oil price accordingly.  It relies heavily on Annual Energy Outlook projections for oil imports, prices, demands and supplies(. From these projections, new estimates are derived in accordance with the deviation between demands from the SEDS end-use sectors and AEO demand projections. New price, supply and demand equilibriums are calculated while considering those deviations. By varying AEO price scenarios (low, reference and high), the effect on oil demand from other sectors can be demonstrated. The user has the ability to select the low, reference, or high oil price scenarios, or the user can allow the scenario to be randomly selected during a stochastic simulation. In addition, the module has the ability to model different OPEC actions, such as maintaining price or maintaining production levels. Lastly, statistics of historic oil supply shocks are used to generate random supply shock projections during stochastic simulation.

Growth

Growth or decrease in domestic oil supply is largely a function of AEO projections. The total oil supply expands or contracts as needed to match demand generated in other SEDS modules.  Supply and demand are implicitly in equilibrium.  This module does not predict peak oil.

Market Share

The supply of crude oil is broken out by domestic, OPEC, and rest-of-world supply. The fraction of total U.S. oil demand met by these three sources is largely a function of AEO projections.
Energy Requirements

Energy requirements for the transportation of crude oil is implicitly modeled within the heavy duty vehicles sector.
Retirements
N/A
Retrofits
N/A
Pricing

This module applies a regression analysis based on historical EIA and future AEO projections of domestic and foreign supply and total SEDS demand from other modules in order to determine the oil price for each time period.

Key Output Metrics: 

	· Crude Oil Price
	· Domestic Oil Production

	· Oil Imports
	


Technologies Represented: The world oil module does not explicitly model technology pathways. However, the AEO price and supply trajectories implicitly include assumptions about oil exploration, recovery, and transportation costs.
Potential Analyses:  This module is capable of evaluating the effects on crude oil price of national carbon regulation, oil price shocks, OPEC decisions, and oil demand scenarios.  These scenarios are fed into all sectors in SEDS that use oil-based products where fuel switching, technology choice and economics sensitivities can be analyzed.

Limitations of Analyses:  The oil sector is currently a single-region module, so it is not well suited for regional analyses.  It does not project potential oil resources or model the costs of exploration, extraction and transportation.  Results from the module are highly correlated with AEO projections.  This module does not model peak oil projections.
Module: Macroeconomic Sector

Developed by: National Renewable Energy Laboratory, but based on projections from the Energy Information Agency

Overview: This module is based on the projections of the Annual Energy Outlook for population, global domestic product, disposable personal income, AA utility bond rates and manufacturing output(.  By varying AEO macroeconomic scenarios (low, reference and high), the effect on other sectors dependent on the economic indicators (vehicles, industry, electric, buildings) can be demonstrated. The user has the ability to select the low, reference, or high macroeconomic scenarios, or the user can allow the scenario to be randomly selected during a stochastic simulation.

Growth

Macroeconomic growth is determined by AEO projections for population, industry and GDP.
Key Output Metrics: 

	· Real GDP
	· GDP Growth Rate

	· Manufacturing Growth Rate
	· Interest Rate

	· Per Capita Disposable Income
	· Population


Potential Analyses: By adjusting the outputs of the macroeconomic model, different sensitivities can be performed on key variables from other modules, such as the effect of changing population for vehicle stock, manufacturing growth rate for industrial demand, interest rate for power plant loans, or per capita disposable income on building construction.

Limitations of Analyses:  The macroeconomic sector is currently a single-region module, so it is not well suited for regional analyses. It uses AEO projections for all of its outputs. There is no dynamic feedback from the energy sectors on the macroeconomic module, thus macroeconomic indicators are not affected by changes in the energy sectors.






� National Research Council of the National Academies. Prospective Evaluation of Applied Energy Research and Development at DOE (Phase Two). 2007.





( It should be noted that the SEDS development team is currently working on adding biomass-to-liquids and biomass pyrolysis crude oils to the list of biofuel production technologies represented in SEDS.





( More information about the oil price and supply projections from the Annual Energy Outlook (2010) can be found at � HYPERLINK "http://www.eia.doe.gov/oiaf/aeo/pdf/0383(2010).pdf" ��http://www.eia.doe.gov/oiaf/aeo/pdf/0383(2010).pdf� in the “World Oil Prices and Production Trends in AEO 2010” subsection of the “Issues in Focus” chapter.


( More information about the macroeconomic projections from the Annual Energy Outlook (2010) can be found at � HYPERLINK "http://www.eia.doe.gov/oiaf/aeo/pdf/0383(2010).pdf" ��http://www.eia.doe.gov/oiaf/aeo/pdf/0383(2010).pdf� in the “Trends in Economic Activity” subsection of the “Market Trends” overview.
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