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[bookmark: _Hlk191041343]Spacecraft development is costly and complex, requiring diverse management and acquisition strategies. As the private sector's role grows, cost models must account for varying private sector participation. Existing models focus on project ownership, distinguishing between traditional procurement and commercial development. Science missions without commercial value rely on traditional procurement, where a public agency leads. Within this approach, agencies must decide whether to develop spacecraft in-house or contract with industry. This study examines whether spacecraft developer type—NASA in-house or industry—affects spacecraft cost under traditional procurement. A multi-variable regression model finds that industry-built spacecraft are generally less costly, especially for lower-risk classification C and D projects. However, for higher-risk class A/B projects, developer type has no significant impact. Additionally, spacecraft developer type does not significantly affect total project cost, regardless of risk classification. Consistent with existing models, spacecraft mass remains the primary cost driver, with mission risk classification and deep-space operation also influencing costs. These findings offer insights into spacecraft cost dynamics, particularly in complex missions, and suggest ways to leverage industry cost advantages in public programs.
Nomenclature
y	=	spacecraft cost in dollars
	=	Spacecraft Developer (0 if NASA, 1 if otherwise)
	=	log of dry mass in kilograms
	=	Mission Risk Classification (0 if Class A/B, 1 if otherwise)
	=	Near Earth Operations (0 if non-Near Earth, 1 if otherwise)
	=	Lander (0 if non-Lander, 1 if otherwise)
I. Introduction
Spacecraft development has historically been a high-cost undertaking that involve complex governance, management, and acquisition strategies. As public space agencies continue to push the boundaries of exploration, the role of private industry is expanding, leveraging its competitive advantages to enhance project outcomes. There are several benefits of internal spacecraft development: mainly the absence of contracting delay and overhead, accommodation of first-of-a-kind mission profile or technology, and ability to handle complex programmatics and evolving requirements. There are also several benefits of spacecraft built by industry: access to production (standard repeat build) models, supporting private space economic growth, and the general edict that government should not compete with industry. Among these advantages, cost savings driven by economies of scale and competition are particularly significant [1–3]. In this environment, gaining a deeper understanding of the dynamics between private and public entities in space projects can help decision-makers more effectively harness the potential for cost efficiencies.
Previous studies comparing the cost performance of public and private entities in the space sector primarily focus on overall project governance structure. In essence, these studies examine the cost differences between space systems development managed by NASA versus those managed by private industry. A notable example is the Commercial Market Assessment for Crew and Cargo Systems report, which estimated that developing a Falcon 9-like vehicle through NASA's traditional procurement approach would have cost nearly $4 billion, compared to SpaceX's reported development cost of $390 million [4].
This study explores a more nuanced integration of private entities into space programs. Scientific missions often lack commercial profitability and are one-of-a-kind or first-of-a-kind developments. Current economics of space missions limit public agencies to the traditional procurement approach, requiring public entities to manage overall financing, design, and development responsibilities [5]. Even in such approach, public agencies face a choice: develop and build the spacecraft in-house or outsource it to private contractors. In this context, the study aims to determine whether the type of spacecraft developer—NASA or industry—has a statistically significant effect on spacecraft cost and total project cost in NASA managed projects with minimal economies of scale and competition. To address this question, a multi-variable linear regression model is used, incorporating independent variables such as mission risk classification, dry mass, whether the spacecraft is a lander, and whether it is designed for near-Earth operations. 
The results of this study indicate that, while industry-built spacecraft are generally less costly than NASA-built spacecraft, factors such as dry mass and mission risk classification have a more significant impact on spacecraft cost. Notably, the spacecraft developer variable does not significantly affect cost for the more technologically complex risk classification A/B (Class A/B) projects. In contrast, for less complex mission classification C and D (Class C/D) projects, industry-built spacecraft result in lower costs compared to NASA-built ones. Furthermore, the spacecraft developer variable has no statistically significant effect on overall project cost, regardless of mission risk classification. These findings contribute to the existing literature by offering a more granular insight into the dynamics between spacecraft developer and cost. In particular, the study offers a new perspective on the scope of industry’s cost advantages and how these advantages can be leveraged more effectively to achieve government’s goals. 
The next section reviews the literature on cost models in the aerospace sector, emphasizing the absence of spacecraft developer as a variable in existing models. The third section details the study's methodology, including the data and regression model used. The fourth section presents the model's results, followed by an in-depth discussion. Finally, the paper addresses its limitations and concludes with key takeaways.
For this study, the research team categorized the Jet Propulsion Laboratory (JPL) of the California Institute of Technology and the Applied Physics Laboratory (APL) of the Johns Hopkins University as equivalent to NASA Centers, such as the Goddard Space Flight Center (GSFC). This decision stems from the roles of JPL and APL under NASA governance. JPL and APL can be assigned missions without competition and directly sign key decision point management agreements, just as NASA Centers do. The management agreements baseline project costs and schedules and assign the responsibility of the overall program management. Just as NASA centers, APL and JPL depend on NASA missions to exist and exercise make-buy decisions for each mission (on whether to build the spacecraft in-house or with industry). In these regards, NASA’s governance model for JPL and APL are like that of NASA Centers. In contrast, the industry spacecraft bus developers do not sign the agreements, do not have NASA as a primary customer, and do not exercise spacecraft make-buy decisions. Instead, they operate under contracts with the entity responsible for the overall program management. 
II.  Literature Review
Previous studies on the subject of NASA versus industry compare traditional procurement and commercial development, where either NASA or industry assumes the authority of the overall project governance [5]. For example, Kim (2023) evaluated the cost-effectiveness of space projects with different levels of public and private sector involvement in various combinations of project management [6], and NASA (2011) and Zapata (2017) compared the development and operations costs of private versus government-owned launch systems [4,7]. This paper does not compare the various types of procurement arrangements. Rather, the focus of this paper is on how the type of spacecraft developer (i.e., NASA or industry) affects NASA's project costs in traditional procurement. Accordingly, the following literature review highlights various project cost estimation models related to spacecraft development with particular attention to the distinction in the spacecraft developer. The study examines parametric models, rather than bottoms-up or analogous approaches, to align with its objective of assessing the statistical significance of spacecraft cost determinants. For a detailed explanation of the cost-estimating methods, readers may refer to the NASA Cost Estimating Handbook. 
Parametric cost estimation for space projects relies on cost-estimating relationships (CERs) based on the assumption that factors driving costs in historical projects will continue to do so in the future [8]. For example, models developed from the 1980s to early 2000s, such as the Meinel, Bely, Mass, Planning Research Corporation, Wong, Horek, and Aerospace models, explored CERs related to variables like technology readiness levels (TRLs), mass, sensor diameters, and average power [9]. Fischman et al. (2008) proposed an advanced orbital spacecraft cost model that utilizes neural network with 27 predictor variables, including mass, maximum power, number of instruments, orbital destination, and data transmission link. Similarly, Coonce et al. (2010) explore a multi-variable regression model to estimate cost as a measure of productivity change over time [10]. The authors reviewed 120 historical space projects and selected dry mass, maximum power, data rate, design life, percent of technology inheritance, and the year of authority to proceed, as well as an indicator variable for planetary missions, as the set of variables for estimating cost. Despite the wide range of CERs explored in these models, none include a variable to distinguish whether spacecraft bus development is undertaken by government or industry.
In addition to the models from academic literature, government agencies have developed several parametric cost models tailored to their needs. For example, the United States Space Force (USSF) has the Unmanned Space-Vehicle Cost Model (USCM), a comprehensive estimation tool with more than 100 CERs [11]. Similarly, NASA had developed the NASA-Air Force Cost Model (NAFCOM) in the late 1980s, which underwent multiple updates until 2011 [12]. With more than 150 historical space flight projects in the underlying data, NAFCOM incorporated programmatic factors such as manufacturing methods, engineering management, funding availability, and test approach, as well as the common technical CERs found in academic literature [13]. NAFCOM evolved to NASA’s Project Cost Estimating Capability (PCEC), which remains in use by NASA and other organizations in the sector [14]. Both USCM and PCEC include CERs related to project governance. USCM’s "Spacecraft Bus T1" CER allows users to specify whether a program is commercial or military. Similarly, PCEC’s "Project Management/Spacecraft Lead Organization" CER lets users select the lead organization from a predefined list. However, discussions with the developers of these models revealed that these CERs primarily address overall program governance (e.g., traditional procurement versus commercial development) and do not specifically distinguish the spacecraft developer’s role.
From the private sector, SEER-H and PRICE TruePlanning are two commercially available cost estimation tools that are popular in the aerospace industry. Although the full lists of CERs for these tools are proprietary and could not be verified, publicly available information do not indicate the inclusion of a spacecraft developer variable as a CER [15–17]. Similarly, the Aerospace Corporation’s Small Satellite Cost Model (SSCM) incorporates parameters such as destination, design life, dry mass, solar cell type, and primary structure material but does not account for spacecraft developer as a variable [18]. 
	The review of parametric cost estimation models from academia, government agencies, and industry highlights a gap in the current knowledge in the topic of cost estimation: the lack of differentiation between government-built and industry-built spacecrafts for government-managed spaceflight programs. Models that do allow for such differentiation focus on the overall project management aspect that reflects the traditional procurement versus commercial development approaches of acquisition. This paper addresses this gap by providing a more nuanced analyses of changes in cost in the traditional procurement arrangement, specifically comparing spacecraft built in-house at NASA versus those developed externally by industry.
III.  Methodology 
Data
NASA’s One NASA Cost Engineering (ONCE) database is an internal repository of programmatic data for the space flight projects subjected to NASA Procedural Requirements (NPR) 7120.5 [19]. NPR 7120.5 requires the projects to document the Cost Analysis Data Requirements (CADRe) which involves key technical parameters, project specifications, cost and schedule data at each lifecycle milestone [20]. The study began with a set of non-crew projects that have launched and submitted either Launch Readiness Review (LRR) or End-of-Mission (EOM) CADRe data at the time of data collection. 
From this initial set of 117 missions, the study removed projects that are instrument-only missions as such projects do not involve spacecraft bus related costs. The study further removed projects that are collaborations with another agency that involved budgetary contributions. Furthermore, the study excluded projects involving multiple spacecraft builds because the available data did not allow for the separation of the initial unit development costs from the subsequent unit production costs. These filtering criteria resulted in the sample size of 72 projects. Of the 72 projects, three projects were highly influential points and thus removed for bias reduction. The final sample of 69 projects included 22 projects with NASA-built spacecraft and 47 projects with industry-built spacecraft as shown in Table 1 below. 
Table 1 Sample Projects

	NASA-Built Spacecraft Projects (n=22)
	Industry-Built Spacecraft Projects (n=47)

	ACE
	MSL-Curiosity
	AIM
	ICESat
	Landsat 9
	Psyche

	Cassini
	NEAR
	Aqua
	ICESat-2
	LUCY
	QuikSCAT

	DART
	New Horizons
	Aura
	ICON
	Mars Odyssey
	RHESSI

	DSCOVR
	PACE
	CloudSat
	IMAGE
	MAVEN
	SIRTF

	FAST
	Parker Solar Probe
	Dawn
	InSight
	MGS
	Stardust

	GPM
	SDO
	Deep Impact
	IRIS
	MRO
	Suomi-NPP

	LADEE
	SMAP
	EO-1
	IXPE
	NOAA-N 
	SWIFT

	LRO
	TIMED
	GALEX
	JPSS-1
	NuSTAR
	TDRS-M 

	MAP-WMAP
	TRMM
	Genesis
	Juno
	OCO
	Terra

	Mars 2020 - Perseverance
	WIRE
	GLAST
	Kepler
	OCO-2
	TESS

	Mars Pathfinder
	
	Glory
	Landsat 7
	OSIRIS-REx
	WISE

	MESSENGER
	
	IBEX
	Landsat 8
	Phoenix
	



NASA’s Office of Safety and Missions Assurance categorizes its projects as Class A, B, C, or D, depending on a complex risk characterization factors [21]. Mission risk classification drives the degree of government oversight in the project with Class A/B usually heavily overseen with prescriptive NASA mission assurance, engineering, and management practices, while Class C/D missions are more accepting of developer practices [22]. As shown in Table 2, the characterization hierarchy involves factors such as priority, complexity, and mission lifetime. The 22 NASA-built spacecraft projects comprised of 9 Class A/B projects, and 13 Class C/D projects. For the industry-built spacecraft projects, 26 projects were Class A/B projects, and 21 were Class C/D projects. 
Table 2 NASA Risk Classification Considerations (NPR 8705.4A)

	Mission and Instrument Risk Classification Considerations

	Priority (Relevance to Agency Strategic Plan, National Significance, and Significance to the Agency and Strategic Partners)
	Very High
	Class A

	
	High
	Class B

	
	Medium
	Class C

	
	Low
	Class D

	Primary Mission Lifetime
	Long (More than 5 Years)
	Class A

	
	Medium (3 to 5 Years)
	Class B

	
	Short, (1 to 3 Years)
	Class C

	
	Brief (Less than 1 Year) 
	Class D

	Complexity and Challenges (Interfaces, International Partnerships, Uniqueness of Instruments, Mission Profile, Technologies, Ability to Reservice, and Sensitivity to Process Variations)
	Very High
	Class A

	
	High
	Class B

	
	Medium
	Class C

	
	Medium to Low
	Class D

	Life-Cycle Cost
	High
	Class A

	
	Medium to High
	Class B

	
	Medium
	Class C

	
	Medium to Low 
	Class D



CADRe documents cost data at both the overall project level and at each Work Breakdown Structure (WBS) level, which is a hierarchical organization of a project’s components. WBS Element 06 is Spacecrafts, defined as “the platform for carrying payload(s), instrument(s), humans, and other mission-oriented equipment in space to the mission destination(s) to achieve the mission objectives…This element also includes all design, development, production, assembly, test efforts, and associated ground supper equipment to deliver the completed system for integration with the launch vehicle and payload [23].” WBS Element 10 is Systems Integration and Testing, defined as “the hardware, software, procedures, and project-owned facilities required to perform the integration and testing of the project's systems, payloads, spacecraft, launch vehicle/services, and mission operations [23].” 
While reviewing data, the study found evidence that integration and testing costs specifically related to spacecraft are recorded in either WBS 06 or WBS 10 depending on the program management practice. To account for this inconsistency, and to account for the holistic cost of spacecraft development, the study combined the costs from these two WBS elements to determine the total spacecraft cost. Figure 1 below shows a graph of the sample plotted by launch year and total spacecraft cost inflation-adjusted to Fiscal Year 2024 (FY24) dollars using the NASA New Start Inflation Index. The sample mean spacecraft cost is $329 million in FY24 dollars, with a median of $231 million. The sample mean cost for NASA-built projects is $457 million, with a median of $267 million. On the other hand, the sample mean cost for industry-built projects is $269 million, with a median of $229 million.
[image: ]
Fig. 1 Total Spacecraft Cost by Launch Year (n = 69) – y-axis is masked due to protect proprietary data
Model
Simply relying on the descriptive statistics could result in the conclusion that NASA-built spacecraft is more expensive than industry-built spacecraft. However, a Welch two-sample t-test to compare the means of the two groups indicated no statistically significant difference with p-value of 0.1778. This result suggested the need for a more robust multi-variable regression as various factors exist that influence spacecraft costs. The study team explored various combinations of explanatory variables and identified a model that proved to be the most appropriate based on goodness-of-fit and the standard regression diagnostics. The resulting multi-variable regression model is shown below:

													Eq. (1)

The outcome variable, , represents spacecraft cost in dollars. The first independent variable, , is a factor variable that identifies whether the spacecraft developer is NASA or industry. The value of the variable is 0 if the spacecraft is NASA-built, or 1 if industry-built. The  variable is a continuous numerical variable representing log of spacecraft’s dry mass in kilograms. The  variable is for mission risk classification, with a value of 1 for Class C/D missions and 0 for Class A/B missions. The  variable identifies near-Earth operations, with a value of 1 for near-Earth spacecrafts and 0 if otherwise. For this analysis, near-Earth operations are defined occurring within about one astronomical unit (AU) of the Sun. This definition encompasses spacecraft operating in Earth orbit, at the moon, and at Sun-Earth Lagrange points, as the design of these spacecraft aligns with similar thermal and power environments. The  variable is a factor variable used to identify whether a spacecraft is a lander, with a value of 1 indicating a lander and 0 indicating otherwise.
IV.  Results
Table 3 presents the regression results. When observing all missions (Estimate 1), the coefficient for the spacecraft developer variable is -0.291, indicating a 25 percent lower cost for industry-built, statistically significant with p-value of 0.018. When observing Class A/B projects only (Estimate 2), the coefficient for the spacecraft developer variable is not statistically significant, with p-value of 0.124. However, when observing Class C/D projects only (Estimate 3) the coefficient is -0.350, indicating a 30 percent lower cost for industry-built, and statistically significant with p-value of 0.039. 
Table 3 Regression Results

	Variable
	Estimate 1
All Projects
	Estimate 2
Class A & B Projects
	Estimate 3
Class C & D Projects

	Constant
	2.346*** 
(0.587)
	2.417**
(0.975)
	1.320*
(0.658)

	Spacecraft Developer
	-0.291**
(0.119)
	-0.305
(0.193)
	-0.350**
(0.162)

	Ln Dry Mass
	0.555***
(0.082)
	0.551***
(0.139)
	0.599***
(0.103)

	Mission Risk Class
	-0.645***
(0.152) 
	-
	-

	Near-Earth
	-0.316**
(0.140)
	-0.391*
(0.223)
	-0.141
(0.217)

	Lander
	0.394*
(0.199)
	0.378
(0.258)
	0.375
(0.408)

	R-Squared
	0.797
	0.508
	0.649

	Adjusted R
	0.781
	0.443
	0.601

	No. Observations
	69
	35
	34


Standard errors are reported in parentheses.
*, **, *** indicates significance at the 90%, 95%, and 99% level, respectively.

The coefficient for the dry mass variable is 0.555, 0.551, and 0.599, for Estimates 1, 2, and 3, respectively, with a p-values of 0.000. As both cost and dry mass are log-transformed, these coefficients indicate that a 1 percent increase in dry mass results in an average of about 0.5 percent increase in cost. In other words, spacecraft cost scales approximately with the square root of dry mass, when all else is equal.  For the mission risk classification variable, the coefficient is -0.645, with a p-value of 0.000. This indicates that the cost of spacecraft for Class C/D projects is, on average, 48 percent lower than for Class A/B missions. The near-Earth variable has a coefficient of -0.316, with a p-value of 0.028, when all projects are observed. This shows that spacecraft intended for near-Earth operations costs, on average, 27 percent less than those destined for deep space. Lastly, the coefficient for the lander variable is 0.394 when all projects are observed, with p-value of 0.052, indicating an average of 48 percent increase in cost for landers compared to non-landers. The resulting regression equation from Estimate 1 is as follows:

		Eq. (2)

Converting Equation 2 to adjust for log-transformation, the resulting equation is as follows:	

			Eq. (3)
V. Discussion
The regression results reveal statistically significant cost savings for industry-built spacecraft compared to those developed by NASA. When converting the coefficient from the log-transformed dependent variable, the analysis indicates an average cost decrease of 25 percent for industry-built spacecraft, holding all other independent variables constant. In other words, for the same spacecraft design and specifications, the industry can build it at a lower cost than NASA. However, when the sample is separated into Class A/B projects and C/D projects, the coefficient is statistically significant for the latter group only. The results suggest that the cost of spacecraft does not depend on the developer type for Class A/B projects. On the other hand, for Class C/D projects, industry-built spacecraft are associated with an average cost reduction of 30 percent compared to NASA-built spacecraft.
Analyzing the results of all three estimates provides valuable insights. Class C/D projects are generally less complex than Class A/B projects. In addition, Class C/D projects generally involve components with higher technology readiness levels (TRLs), and allow for greater acceptance of industry practices, less intrusive oversight, and lower electrical, electronic, and electromechanical parts reliability levels. These factors result in cheaper components, less development of new components and software, and fewer labor hours, resulting in lower costs, as reflected in the coefficient of the mission classification variable in Estimate 1. It is noted that several of the most expensive missions of the sample set include nuclear power (the Mars Rovers and New Horizons have radioisotope thermal generators) and these have only been built in-house at JPL and APL. This factor contributes to higher cost, even when all else is equal.
These factors also enable industry developers to leverage standard spacecraft buses, such as Northrop Grumman’s LeoStar, Ball Aerospace’s (now BAE Systems) Common Platform (BCP), and Lockheed Martin’s LM900, which are also used for the companies’ commercial satellites with multiple build per year. A review of the sample projects’ key design review documents revealed that almost all industry-built Class C/D spacecraft utilized these buses, and mostly on fixed price contracts. In contrast, NASA does not have a standard spacecraft bus that it can repeatedly utilize as the time between in-house spacecraft builds means obsolescence drives new design, limiting the agency's ability to achieve comparable cost efficiency gains. Nonetheless, the result of Estimate 2 provides evidence that the industry advantage diminishes for Class A/B projects. These projects are often flagship missions requiring the development of new technologies through significant scientific and engineering efforts. They also involve unique, one-of-a-kind elements that limit the developer’s ability to rely on standard spacecraft buses and necessitate the creation of custom-built elements under strict government oversight, usually on cost plus contracts [22]. Other forms of complexity in Class A/B missions are programmatic involving international partnerships, new technologies, changing project scope, and underfunding (i.e., stretched out funding) all of which drive schedule delays and increased cost. An in-house spacecraft may be able to accommodate these programmatic complexities easier than driving these changes through the contract for an industry-built spacecraft.
Analysis of the multi-variable regression was furthered to check on the contributions of each variable. Table 4 below presents the results of the Analysis of Covariance (ANCOVA) Type II test, which evaluates the explanatory value of each independent variable while accounting for the influence of the other variables, for Estimate 1. The test results show that the spacecraft developer variable, although statistically significant, has relatively low explanatory power in accounting for variation in spacecraft cost. In contrast, the mission risk classification variable demonstrates greater explanatory value, overshadowing the effect of the spacecraft developer variable. Therefore, for more technologically complex projects, whether the spacecraft is NASA-built or industry-built appears to have minimal impact on cost.
Table 4 Analysis of Covariance Type II Test Result 

	Variable
	Sum of Squares
All Projects

	Ln Dry Mass
	8.092***

	Mission Risk Class
	3.167 ***

	Spacecraft Developer
	1.041**

	Near-Earth
	0.886**

	Lander
	0.687*


*, **, *** indicates significance at the 90%, 95%, and 99% level, respectively.

The study conducted an additional analysis and modified the dependent variable to the log of total project cost, excluding launch vehicle costs, with results shown in Table 5. At the total project cost level, the only statistically significant variables are mission risk class and dry mass. In other words, who develops the spacecraft does not have significant influence on the total project cost. Additionally, the study conducted Welch’s Two-Sample t-tests to examine potential differences in the mean cost growth from Preliminary Design Review to LRR for both total spacecraft cost and total project cost between NASA-built and industry-built spacecraft missions. The tests failed to reject the null hypothesis that the group mean differences are zero. In other words, cost growth of a project does not depend on whether the spacecraft is NASA-built or industry-built.
Table 5 Regression Results for Total Project Cost

	Variable
	Estimate 4
All Projects
	Estimate 5
Class A & B Projects
	Estimate 6
Class C & D Projects

	Constant
	2.844*** 
(0.628)
	2.903**
(0.996)
	2.061**
(0.757)

	Spacecraft Developer
	-0.117
(0.128)
	-0.168
(0.197)
	-0.076
(0.189)

	Ln Dry Mass
	0.586***
(0.087)
	0.584***
(0.142)
	0.599***
(0.120)

	Mission Risk Class
	-0.693***
(0.162) 
	-
	-

	Near-Earth
	-0.016
(0.150)
	0.003
(0.227)
	0.003
(0.253)

	Lander
	0.233
(0.213)
	0.260
(0.264)
	0.059
(0.475)

	R-Squared
	0.757
	0.489
	0.478

	Adjusted R
	0.738
	0.516
	0.406

	No. Observations
	69
	35
	34


Standard errors are reported in parentheses.
*, **, *** indicates significance at the 90%, 95%, and 99% level, respectively.

Several factors may explain the lack of a measurable effect of the spacecraft developer on total project cost. First, NASA may incur a “double overhead” when contracting out spacecraft development. This arises because contractual work necessitates additional project and contract management to verify the contractor’s progress and deliverables. Similarly, when the payload and spacecraft are developed under separate management, the project often requires extra integration and testing efforts. 
Second, variations in WBS cost accounting practices may obscure differences in cost allocation. For NASA spacecraft projects, interface challenges are typically resolved by charging the associated costs to the spacecraft WBS. Conversely, in projects with industry-built spacecraft, such costs are usually allocated to the payload WBS. For example, during the Lunar Reconnaissance Orbiter (LRO) project, the spacecraft absorbed the cost of accommodating a loads issue with one of the major instruments which would have been pushed onto the instrument (and accounted in the payload WBS) if the project had an industry-built spacecraft. 
These factors result in additional costs being recorded in other WBS elements for industry spacecraft projects and increased costs within the spacecraft WBS for NASA projects, potentially masking differences in total project costs. It may also be the case that the mission is fitting within a “cost cap,” often the case with competitively selected missions, and the savings of an industry-built spacecraft bus are just “spent” on more expensive science instruments, operations, and team. The same factors could explain the lack of statistical evidence for the differences in the means of cost growth. In addition, cost growth often occurs due to reasons beyond who builds spacecraft, such as scope changes, funding delays, and inflation. These are factors that affect both NASA and industry, hence the lack of statistical evidence. 
In addition to the above, the analyses yielded insightful estimates of subsystem costs as a proportion of total project cost. On average, spacecraft cost (WBS 06 and WBS 10) is about 40 percent of total project cost. Payload cost (WBS 05) accounts for 27 percent on average. Project Management (WBS 01), Systems Engineering (WBS 02) and Safety and Mission Assurance (WBS 03) account for 5 percent, 4 percent, and 2 percent, respectively, on average.
VI.  Limitations
Despite the robust methodology and detailed analysis, this study has three major limitations. The first limitation is the imbalance in sample size. As shown in Table 1, the sample size of NASA-built spacecraft projects is significantly smaller than that of industry-built projects, which can introduce bias into the estimates. To address this issue, the study used two mitigation methods: weighted regression, which applies weights based on the inverse proportions of each group, and stratified sampling, which randomly selects an equal number of observations from the larger group to match the smaller group. Both approaches yielded results consistent with the main findings in Table 3, suggesting that the impact of sample size imbalance on the conclusions is minimal.
The second limitation is the relatively low R-squared values in the sub-sample models. When the sample of 69 projects was divided into Class A/B projects (n=35) and Class C/D projects (n=34), the resulting estimates produced R-squared values ranging from 0.478 to 0.649. While these R-squared values might be considered modest in isolation, the sub-sample estimates complement the larger group estimates, which have more robust R-squared values. In this context, the study believes that the insights provided by the sub-sample analyses outweigh the concern of lower explanatory power in the sub-samples.
The final limitation is the inconsistency in WBS accounting practices. Two key issues related to WBS have been identified in this study. First, there is inconsistency in how costs related to spacecraft integration and testing are recorded, which the study mitigates by combining WBS 06 and WBS 10 costs to estimate total spacecraft development cost. The second issue is the variation in how interface challenges are accounted for in the WBS, depending on the spacecraft developer. Other potential WBS accounting issues may exist, but the study did not address them due to limited awareness. These unaddressed issues are likely to be driven by random variations in accounting practices, influenced by project management preferences, rather than a generalized pattern that can result in systematic bias. Future research on NASA’s cost practices could uncover these issues and improve the accuracy of the model. Nevertheless, the study team believes that the magnitude of the coefficients analyzed is sufficiently large, and that minor WBS accounting issues are unlikely to significantly affect the general findings.
VII.  Conclusion
This study examined the cost dynamics in NASA-managed programs with the focus on the role of spacecraft developer, whether built in-house at NASA (including JPL and APL) or out-of-house in industry. The multi-variable parametric model reveals that, while industry-built spacecraft generally cost less than NASA-built ones, the effect is not significant for unique, complex, and expensive Class A/B projects, but is significant for less complex and less expensive Class C/D projects. Furthermore, who builds the spacecraft does not significantly influence the overall project cost or the growth of project cost, regardless of mission risk classification. Instead, factors such as the mass of the spacecraft and the mission risk classification have greater effects on cost than spacecraft developer.
Previous cost estimation models primarily emphasize the overall program management organization and overlook the nuanced distinction of who develops the spacecraft bus. While such models are useful for public space agencies in deciding between the traditional procurement approach and commercial development, they are less suited for addressing cost implications within the traditional procurement framework. Scientific projects lacking commercial value are currently typically confined to the traditional procurement approach, and a decision space evolves within the spacecraft bus development rather than the overall project management. This study contributes to filling that gap by providing public agencies with insights to better inform their decision-making process on whether to develop spacecraft in-house at NASA or outsource the development to industry partners.
References
[1] 	Foreman, V., Le Moigne, J., and de Weck, O., “A Survey of Cost Estimating Methodologies for Distrubted Spacecraft Missions,” presented at the AIAA Space 2016, Long Beach, CA, 2016. https://doi.org/10.2514/6.2016-5245
[2] 	Greason, J., and Bennett, J. C., “The Economics of Space: An Industry Ready to Launch,” Reason Foundation, Los Angeles, California, June 2019.
[3] 	Weinzierl, M. C., Lucas, K., and Sarang, M., “SpaceX, Economies of Scale, and a Revolution in Space Access - HBS Case Collection,” Harvard Business School, Oct2021.
[4] 	NASA, “Commercial Market Assessment for Crew and Cargo Systems Pursuant to Section 403 of the NASA Authorization Act of 2010 (P.L. 111-267),” National Aeronautics and Space Administration, Apr 27 2011.
[5] 	Kim, M. J., “Toward Coherence: A Space Sector Public-Private Partnership Typology,” Space Policy, Vol. 64, 2023, p. 101549. https://doi.org/10.1016/j.spacepol.2023.101549
[6] 	Kim, M. J., “Coherence to Choices: Informing Decisions on Public-Private Partnerships in the Space Sector,” RAND Corporation, May 03 2023.
[7] 	Zapata, E., “An Assessment of Cost Improvements in the NASA COTS/CRS Program and Implications for Future NASA Missions,” National Aeronautics and Space Administration, 2017.
[8] 	NASA, “NASA Cost Estimating Handbook (CEH),” NASA OCFO. Retrieved 20 December 2024. https://www.nasa.gov/ocfo/ppc-corner/nasa-cost-estimating-handbook-ceh/
[9] 	Stahl, P. H., “Survey of Cost Models for Space Telescopes,” Optical Engineering, Vol. 49, No. 5, 2010, p. 053005. https://doi.org/10.1117/1.3430603
[10] 	Coonce, T., Bitten, R., Hamaker, J., and Hertzfeld, H., “NASA Productivity,” Journal of Cost Analysis and Parametrics, Vol. 3, No. 1, 2010, pp. 59–78. https://doi.org/10.1080/1941658X.2010.10462228
[11] 	Tecolote, “Unmanned Space Vehicle Cost Model (USCM) 11,” Jun2021.
[12] 	Jones, H. W., “Estimating the Life Cycle Cost of Space Systems,” presented at the 45th International Conference on Environmental Systems, Bellevue, WA, 2015.
[13] 	McAfee, J., Culver, G., and Naderi, M., “NASA Air Force Cost Model (NAFCOM): Capabilities and Results,” Huntsville, AL, Dec 05 2011.
[14] 	NASA, “PCEC – Project Cost Estimating Capability.” Retrieved 20 December 2024. https://www.nasa.gov/ocfo/ppc-corner/pcec-project-cost-estimating-capability/
[15] 	Minkiewics, A., “Space Missions Cost Estimation in TruePlanning,” Price Systems, LLC, Sep 17 2014.
[16] 	Price, C., Hayes, S., and Jacobs, M., “Model-Based Cost Engineering Space Missions Estimating,” Unison Software, Apr 28 2022.
[17] 	Galorath, “Modeling Cost Improvement with SEER-H,” Galorath Inc., Feb2024.
[18] 	Mahr, E., Tu, A., and Gupta, A., “Development of the Small Satellite Cost Model 2019 (SSCM19),” presented at the 2020 IEEE Aerospace Conference, Big Sky, MT, 2020. https://doi.org/10.1109/AERO47225.2020.9172374
[19] 	NASA, “NASA Procedural Requirements 7120.5F,” National Aeronautics and Space Administration, Aug 03 2021.
[20] 	NASA, “CADRe/ONCE – Data Collection and Database,” NASA OCFO. Retrieved 13 October 2023. https://www.nasa.gov/ocfo/cadre-once-data-collection-and-database/
[21] 	NASA, “NASA Procedural Requirements 8705.4A,” National Aeronautics and Space Administration, Apr 29 2021.
[22] 	Leitner, J., and Hyde, T., “Modernizing NASA’s Risk Classification System,” Acta Astronautica, Vol. 202, 2023, pp. 333–340. https://doi.org/10.1016/j.actaastro.2022.10.043
[23] 	NASA, “NASA Work Breakdown Structure Handbook,” National Aeronautics and Space Administration, Nov2021.



image1.png
Total Spacecraft Cost (in FY 24 $M)

L ]
®
A
Spacecraft Bus Developer
® NASA
A Industry
A
A Ao
A L A A AAA A
A oA L4 A
L 'Y o‘ L ‘
P A Alle [®




