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1 Summary 

The U.S. Department of Energy has identified a third generation of concentrated solar 

power (Gen3 CSP) technologies to minimize cost of CSP produced electricity. By developing 

these technologies further, it is forecasted that Gen3 CSP will meet the levelized cost of 

electricity (LCOE) SunShot target of 6 cents/kWh to compete with dominant, conventional non-

renewable energy sources (1). The focus for advancing CSP systems for Gen3 is to increase 

overall system efficiency. Thus, reevaluating second-generation systems, superheated steam-

turbine power cycles, and implementing more advanced power cycles is essential. Specifically, it 

has been identified that a supercritical carbon dioxide (sCO2) Brayton cycle can increase the net 

thermal-to-electric efficiency to over 50% for CSP power tower configurations (2). Compared to 

conventional superheated steam Rankine cycle systems, more extreme operating conditions are 

required and pose critical barriers to overcome in the field of materials and manufacturing for 

Gen3 CSP. 

 To move towards a more efficient system, the overall system temperatures must be 

increased compared to the second generation systems by over 200°C. Past studies indicate that 

conventional steam Rankine systems can be replaced with sCO2 Brayton cycles, raising the 

temperature from about 600 to 800°C and increasing the efficiency to over 50%. With higher 

efficiencies the overall size, complexity, and thus cost of turbomachinery components are 

decreased (3). To implement this system, salt chemistry and heat exchanger technologies need to 

be addressed when considering the liquid media pathway. 

Molten-salt chemistry is essential to reassess when implementing a sCO2 cycle when 

considering the liquid media pathway. Currently, in molten-salt power tower configurations the 

working fluid is a blend of sodium and potassium nitrate with a limit of thermal stability around 

600°C. Alternative salts such as chloride or carbonate salt blends have been identified to provide 

a much higher limit of thermal stability to be able to  perform at higher temperatures up to 

750/800°C. These salts must also exhibit favorable heat transfer and energy storage properties: 

low melting point with high heat capacity and high thermal conductivity. Low corrosion 

behavior is also important for the longevity of system components. Additionally, cost must be 

taken into consideration. 

Implementing a sCO2 Brayton power cycle also requires advanced heat exchangers. 

Current heat exchangers used in the Rankine power cycle are limited. The introduction of 

chloride salts, for example, requires alternative heat exchangers that can withstand temperatures 

up to about 800°C without being excessively corroded over the lifetime of the power plant. The 

exploration of materials, design, and manufacturability of the heat exchanger is believed to be a 

key component to the success of Gen3 CSP systems based on the liquid media pathway. Two 

dominating factors for the heat exchanger material are the ability to resist salt corrosion and 

maintain required strength at nominal operating temperatures and over the desired lifetime. 

Several other criteria must also be evaluated for successful implementation including ideal 

mechanical, thermal and chemical properties. Specifically, assessments of strength, fatigue, 

thermal expansion, and thermal conductivity are crucial for its success. It is also vital to take into 

consideration manufacturability and cost for reaching the SunShot CSP LCOE goal. 
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2 Concentrated Solar Power 

Concentrated solar power technologies implement mirrors to concentrate sunlight to a 

central receiver at the top of a power tower. Within the receiver is a molten salt that collects the 

heat from the sunlight. The thermal energy is then exchanged to the working fluid of the power 

cycle to drive a turbine-generator to create electricity. However, current systems have high costs 

that lead to commercial barriers. The Department of Energy’s Gen3 CSP plans seek to increase 

the efficiency while reducing power plant size and cost for the future of CSP (1).  

The Energy Department put out the 2012 SunShot Vision Study to show that reaching a 

levelized cost of energy of 6 cents per kWh will become cost competitive with other 

technologies and can lead to more significant deployment in the U.S. The U.S. Department of 

Energy’s Solar Energy Technology Office (SETO) has identified that implementing Brayton 

power cycle and improving energy efficiency by raising the operating temperatures will reduce 

the cost of the overall system. SETO has identified key technical gaps to be addressed and their 

challenges through their Multi-Year Program Plan for FY 2018-2022 (2).  

 

Figure 1. Molten-salt power tower configuration, with thermal storage. Within the heat exchanger, there is a transfer 

of thermal energy from molten salt to sCO2. The power block represents the closed sCO2 loop. (1) 

 To help the concentrated solar industry resolve key barriers in CSP’s technical 

innovation, four distinct objectives are outlined to break down the overarching goal of technical 

advancement. Two of the four are tied to directly increasing the operating temperatures and 

reducing the size and cost of the thermal systems and are the focus of this evaluation. The SETO 

outlines the plans, challenges, and goals to achieve: 1. Higher operating temperature and 2. 

Smaller power plant scale. 
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2.1 Higher Operating Temperature 

The purpose of this objective is to reach a direct solar illumination to AC power 

efficiency for a dry-cooled CSP plant of over 30%. The plan is to have the heat transfer fluid’s 

temperature reach over 700 °C. Currently, the operating temperature of a conventional CSP plant 

is limited by the thermal stability of the nitrate-based molten-salt heat transfer fluid, which has a 

limit of under 600°C. To operate at higher temperatures, new materials must be investigated to 

determine a thermally and chemically compatible alternative. One of the three heat transfer 

media pathways identified by the Gen3 Roadmap is to use a liquid. Thus, replacing the 

conventional molten salt with a high-temperature alternative. Solid and gas phase heat transfer 

media are also under consideration and would be a fundamental change compared to Gen2 

systems. 

2.2 Smaller Power Plant Scale 

The goal of this objective is to create a supercritical 10MWac power cycle converting 

energy of the working fluid into an alternating current with a minimum efficiency of 50%. The 

plan is to develop a sCO2 Brayton power cycle for the power plant. For this to be effective, the 

materials of the current heat exchanger must be reevaluated to be compatible with a new molten-

salt-sCO2 heat exchange and with higher ramp rates and dry cooling. However, the main 

challenge is that this has not been demonstrated in a commercial application. 
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3 Heat Exchangers 

3.1 Shell-and-Tube Heat Exchangers 

 The most common type of heat exchanger, shell-and-tube, consists of set or bundle of 

tubes contained within a container or shell. The tubeside fluid flows within the tubes, and usually 

is the fluid at higher pressure. The shellside fluid flows around these tubes. The heat from the hot 

fluid flows through the heat exchanger material to raise the temperature of the cold fluid. Some 

exchangers have baffles within the shell that are used to increase the heat transfer rate between 

the two fluids by increasing turbulence of the flow. If leaking is a high-risk issue double walled 

tubes can also be utilized to reduce leaking into the shellside fluids. Other modifications for 

optimizing heat exchanger properties include introducing finned tubes and adjusting the 

construction and shaping of the tubes. The Tubular Exchanger Manufacturers Association 

outlines many shell-and-tube heat exchanger construction standards and designations for various 

types (4). 

 

Figure 2. Diagram of shell-and-tube heat exchanger. (5) 

3.2 Plate-Type Heat Exchangers 

 Plate-type heat exchangers use several stacks of “plates” that the working fluids flow 

through with alternating gaskets, other seals, or direct bonding. One heat transfer fluid can flow 

through every second pair of plates, whereas the other flows through the opposite pairs, creating 

a stack of alternating fluids flowing in opposite directions. This allows for a large surface area 

for the heat transfer to take place, making these exchangers highly effective. Like the shell-and-

tube exchangers, turbulence is introduced to increase the heat transfer rate even further by 

creating corrugations in each plate. These are commonly in a herringbone pattern. Compact heat 

exchangers with high efficiency can be made by having the two fluids flow through 

microchannels between the plates. In this case, both fluids are flowing in between every plate, 

but in separate microchannel domains with heat exchanged across the thin walls separating those 

domains. 
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Figure 3. Drawing of plate-type heat exchanger showing alternating flow. (6) 

3.3 Air-Cooled Heat Exchangers 

 Instead of transferring heat between two closed fluid systems, air-cooled heat exchangers 

blow cool air to act as one of the heat transfer liquids. In this style, the configuration consists of a 

bank of finned tubes with a fan. The two main types are forced or induced draft heat exchangers 

and are dependent on the location of the fan within the bank at either the top or bottom, 

respectively. The fins can also take on various shapes depending on the required properties of the 

heat exchanger (7,8). 

 

Figure 4. Schematic of flow within industrial air-cooled HEX. (9) 
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4 Heat Transfer through Triply Periodic Minimal Surfaces 

Triply periodic minimal surfaces (TPMS) are 3-D geometries present in a number of 

natural structures (10,11). Creating these structures had been previously inaccessible with 

conventional forming methods and machining techniques. Developments in additive 

manufacturing enable their creation and further could allow a vast array of structures to be 

realized (12–14). By adjusting the properties of these structures, TPMS can potentially be 

utilized in a vast array of applications. TPMS structures are of great interest to the fields of mass 

and heat transfer due to its curved and twisted hollow channels which have exhibited enhanced 

heat and mass transport (15–22).  

 

Figure 5. Schwarz-D TPMS. (a1, b1) individual volume domains within unit cell, (a2, b2) volumes within 2x2 unit cell, 

(c1, c2, c3) interweaving volumes are shown, with increasing dimensions, (d1, d2, d3) Schwarz-D TPMS structure with 

increasing dimensions. (a3) example of printed TPMS structure, (b3) potential configuration of TPMS structure in a 

HEX structure. (23) 

Specifically, TPMS structures have been of interest when creating novel, high-

performance heat exchangers. TPMS geometries contain two interweaving volume-domains 

separated by a wall (24). When each of the microchannels contain a working fluid and there is a 

temperature differential between them, heat conduction occurs through the structure walls. These 

microchannels twist and extend in all directions leading to further increased mixing and thus a 

high heat transfer rate (23). Other properties affecting the transfer rate include wall thickness, 

cell size, and structure geometry. Heat exchange is also affected by the thermal conductivity of 

the structure’s material. Different materials can be implemented to allow for a wide range of 

operating temperatures. 
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Figure 6. TPMS structures. (a) Schwarz-P, (b) Schwarz-D, (c) Schoen-G, (d) IWP. (23) 

Femmer et al. highlights four specific TPMS geometries as promising contenders for 

effective heat and mass transport: Schwarz-D, Schwarz-P, Schoen-G, and IWP, shown in fig. 6 

(24,25). Using 3-D rapid prototyped 5x5 unit cell membranes, estimates are made for the 

geometries to rank their structure-dependent performance. Essentially, it is concluded that the 

estimates for all geometries outperform conventional tube and flat plate heat exchangers (23). 

Further, with respect to the dimensionless Reynold’s number, the Schwarz-D membrane exhibits 

the greatest heat transfer. Additionally, with increasing Reynold’s number, Schwarz-D performs 

best with varying ratios of friction to heat transfer by being the closest to a constant value. 

Therefore, Schwarz-D is an excellent candidate for TPMS heat exchangers.  
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5 Ceramic Heat Exchangers 

For Gen3 CSP heat exchangers to be successful, the use of conventional heat exchanger 

materials must be revisited. It is unclear if the materials can successfully perform at the high 

temperatures for proper molten-salt-sCO2 heat exchange. Developments in ceramics and ceramic 

composites show great promise to efficiently transfer heat in such an extreme environment. The 

properties of some of ceramic materials are extremely attractive for heat exchangers. 

 Generally, ceramics have high use temperatures, up to 1200°C or higher, whereas carbon 

steel and stainless steel can only withstand operating temperatures of 425 or 650°C, respectively. 

For extremely aggressive chemical environments, ceramics have high resistance to chemical 

effects and corrosion (26). However, it also has inherent limitations with its material properties. 

Ceramics are brittle and fail catastrophically without much warning. By fracturing without 

reaching plastic deformation, ceramics have low toughness. Additionally, porosity of ceramic 

materials further degrades properties, due to pores acting as stress concentrators within the 

material. Though monolithic ceramics have a few positive characteristics, there are clear 

limitations. With additional treatment, this hard, porous, brittle material’s properties can be 

modified by utilizing it within a composite. 

 Ceramic composites, such as ceramic matrix composites (CMSs), are a mix of two or 

more materials to improve desired properties (27). CMCs consist of two parts: a matrix and a 

reinforcement material. The matrix is the main material that is present in greater quantity and the 

reinforcement acts to enhance or reinforce the properties of the matrix (28). Combining these 

makes it possible to create materials not only with high-temperature stability and corrosion 

resistance, but higher toughness, strength, and thermal shock resistance. Specific composites can 

be chosen for their top-performing qualities with less limitations than monolithic ceramics, 

depending mainly on the intended application (29). Essentially, CMCs’ versatile nature allow 

them to be utilized in a variety of conditions for a potentially wide number of fields. 

5.1 Examples from Literature 

 Caccia et al. successfully demonstrates a ZrC/W-based composite printed-circuit type 

heat exchanger strongly outperforming a conventional nickel-alloy HEX at a lower cost (30). For 

material selection, ZrC/W was chosen for its promising high-temperature thermal, mechanical, 

and chemical properties and the cost-effective nature of its production. At ~750°C, this CMC has 

a failure strength of over 350 MPa, allowing the HEX to operate at a power density 2 times that 

of stainless steels or Ni-alloys, shown in fig 7. It also exhibits a thermal conductivity 2-3 times 

higher than conventional heat exchanger metals, all at a lower cost.  
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Figure 7. Calculated power density vs allowable stress of stainless steel, nickel-based superalloy, and ZrC/W printed 

circuit heat exchanger at ~750°C. (30) 

 Haunstetter et al. investigated a SSiC ceramic microchannel plate-type heat exchanger, 

seen in fig. 8, under both high temperature and pressure conditions (31). Using air as a heat 

transfer fluid, a temperature of 800°C and pressure of 0.5 MPa was applied and an effectiveness 

of 0.94 to 0.97 was achieved. Results of this experiment proved the stability of this ceramic HEX 

under the high temperature/pressure conditions. Previously, ceramic heat exchanger 

investigations included computer simulation or testing under one of the two extreme conditions, 

whereas this research investigated performance under actual conditions.  

 

Figure 8.  Schematic drawing of fluid streams within SSiC plate-type heat exchanger. (1) gas input, (2) gas output, (3) 

flue input, (4) flue output. (31) 
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6 Ultra-High Temperature Ceramics and Related Materials 

Ultra-high temperature ceramics (UHTCs) are attractive for implementation in extreme 

environments due to their special properties of high thermal conductivity, strength, and melting 

temperature while having the ability to survive in extremely high temperature and pressure 

environments. The first investigations of UHTCs were mainly for use in the aerospace industry. 

NASA had identified this material as a candidate for aerospace vehicles due to their exposure to 

extreme temperatures and a chemically aggressive environment. Most of the early research of 

UHTCs were government funded and published as NASA technical notes, which can be found in 

the NASA Technical Reports Server (NTRS) (32–35). As the properties of these materials were 

identified, specific routes for its use included hypersonic vehicles and vehicles that experience 

atmospheric reentry (35,36). Following this, UHTC’s applications have expanded to a diversity 

of fields and are broadening still (37). For the future of concentrated solar power, UHTCs have a 

high potential for use in the supercritical Brayton cycle heat exchanger, where temperatures can 

exceed the performance limits of conventional metallic materials. This is made apparent by the 

ZrC/W heat exchanger described in the previous section. 

 

Figure 9. Image of NASA Space Shuttle, application of a thermal protection system based on ceramic and glass 

materials. (38) 
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7 Materials Evaluations 

For this potential application, several UHTCs and related materials of group IV-VI 

transition metal borides, carbides, nitrides, and silicides are investigated. Each is given a Figure 

of Merit (FOM) value to determine the most promising materials based on seven key ranking 

factors and, following evaluation, each material is ranked based on this value. The FOM factors 

include thermodynamic stability assessment based on Ellingham diagrams, thermodynamic 

stability assessment based on molten salt synthesis, processing assessment based on pressureless 

sintering, cost assessment based on raw materials costs, availability assessment based on the 

availability of bulk raw materials and test materials, mechanical properties assessment based on 

elastic modulus, and thermal properties assessment based on thermal conductivity. Further, top 

materials are determined with highest FOM, the sum of all factor scores for each material to 

down select eight materials for testing. 

7.1 Thermodynamic Stability Assessment based on Ellingham Diagrams 

Ellingham Diagrams for each material can be utilized to find each of their thermal 

stabilities at 1100 K. This is quantified by summing the Gibbs free energy from negative and 

positive elemental interactions of the UHTCs, salt components, and impurities. The sum is then 

subtracted by 500 and then divided by 350 to provide a number between 0 and 1. The value is 

then rounded to the nearest tenth. If information could not be found, the value is 0. 

7.2 Thermodynamic stability assessment based on Molten Salt Synthesis 

This parameter focuses on demonstrating successful past molten salt synthesis through 

document searches, with intermediate levels determined using background knowledge. A search 

of each compound name and “molten salt synthesis” was conducted using the Web of Science 

database. The level of documentation was then quantified with values from 0 to 1. To receive a 

1, the UHTC must have published data on its successful molten salt synthesis. A value of 0.8 is 

given if the molten salt synthesis of the compound is confirmed but has unpublished results. 

Next, a compound is given a score of 0.5 for probability for success where the compound is 

intermediate between two validated successful compounds. Where the compound is intermediate 

between one validated and another compound with high probability, a score of 0.3 is given. A 

score of 0 is for insufficient data for the compound. 

7.2.1 Demonstration of Factor B – Molten Salt Synthesis 

 The score for this factor is determined by conducting a Web of Science database search 

of the compound name and “molten salt synthesis”. Here, we provide a sampling of this 

documentation with some parameters of interest: type of salt, temperature of reaction, and 

environment for its synthesis. The examples address one boride, carbide, nitride, and silicide as a 

group V compound.  

First, vanadium boride was found to be synthesized with sodium chloride, at temperatures 

of 850-1000 °C (39). Niobium carbide uses calcium chloride with an ideal temperature of 900 °C 

in air (40). Vanadium nitride is formed in potassium chloride at temperatures 600 to 1000 °C 

(41). Lastly, vanadium disilicide is synthesized with molten magnesium chloride at a temperature 

of 650 °C in an autoclave (42). With each of these examples, it is exhibited that a Web of 

Science database search, documentation of molten-salt synthesis of various compounds can be 
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found. The synthesis of these materials in molten chloride salts at high temperature implies 

stability, otherwise the high surface area materials would readily degrade. 

7.3 Processing assessment based on Pressureless Sintering 

The prior method is used for searching for demonstration of pressureless sintering with a 

Web of Science database search of the compound and “pressureless sintering”.  It is essential to 

confirm that with pressureless sintering, the compound has closed porosity with 92-96% 

theoretical compound density (%TD) to be able to effectively follow with hot isostatic pressing 

to achieve full density and achieve optimum properties. The lowest and highest quantitative 

levels of documentation are also similar, with differing intermediate values. With documentation 

of reaching %TD between the desired range, the UHTC receives a 1. Intermediate candidates 

between two validated compounds that reach 92-96%TD receive a score of 0.8. If the material is 

intermediate between one validated and the other a high likely compound, it receives a 0.5. If 

data is insufficient, the compound receives a score of 0. 

7.3.1 Demonstration of Factor C – Pressureless Sintering 

 The search for demonstrations of pressureless sintering is similar to the prior search, 

however the motivation is slightly different. Searching for demonstrations of various compounds 

shows that with pressureless sintering, a closed porosity is reached. If a density of 92-96%TD is 

not reached hot isostatic pressing, the next process, will not be effective. While searching, 

parameters for pressureless synthesis were recorded such as %TD, atmosphere, temperature, 

ramp rate, and length of time. These examples follow the previous, with one boride, carbide, 

nitride, and silicide group V compounds. 

 Vanadium boride in SiC with pressureless sintering reaches a 97%TD when at 2150 °C 

for 1 hour in a vacuum (43). However, the composite is not representative of the pure material or 

at least a composite that is primarily made up of the UHTC material and so this paper would be 

disqualified from the analysis. Next, tantalum carbide was able to reach 92-96.7%TD in an argon 

atmosphere in a graphite reactor at 1400 °C for 1 hour and is a successful demonstration (44). 

Niobium nitride was classified as fully dense with closed porosity when in a graphite reactor at 

1130 °C with a ramp rate of 100 °C/min (45). However, this result was obtained using pressure-

assisted sintering technology and would be disqualified from the analysis. Lastly, 

niobium/niobium silicide composites reached 99.17%TD when sintered at 1500 °C for 10 

minutes (46). However, the composite was primarily metallic niobium and was consolidated with 

pressure-assisted sintering technology and would be disqualified from the analysis. 

7.4 Cost Assessment based on Raw Materials Cost 

A cost assessment is always essential when considering implementation of a new 

material. Estimations of bulk powder prices are from bulk suppliers or estimated from a 

correlation developed from cost comparisons between bulk and small scale quantity suppliers 

with an emphasis on suppliers with openly published prices. Bulk prices are found from nine 

suppliers. The grading values are determined by the price of the candidate with respect to an 

estimated price of Haynes 230, a potential nickel superalloy candidate material. A score of 1 is 

given if the compound by volume has a lower cost than the Haynes 230 estimate. If a thermal 

conductivity factor is used to compare the two prices, and it is lower than Haynes 230, the score 

is 0.7. If the cost is lower than Haynes 230 estimate when using thermal conductivity and an 
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emissivity factor, it receives 0.3. Candidate prices exceeding Haynes 230 estimate even with 

additional factors taken into consideration, then they are scored a 0. 

7.5 Availability assessment based on Bulk Raw Materials and Test Materials 

An internet search is conducted to determine the published availability of bulk powder 

and the ability to test samples from a commercial supplier. For quantitative evaluation, if both 

bulk powder and test samples are published for the compound, it receives a 1. If only the test 

sample price is published, the candidate’s score is 0.5. Lastly, if the test samples are available but 

without published prices, a score of 0.3 is given. 

7.6 Mechanical properties assessment based on Elastic Modulus 

The elastic modulus of a material is a quantity that describes a material’s performance 

under an applied stress and is loosely correlated to strength without having the scatter that is 

common in strength data due to the dependence on processing history. Published elastic modulus 

values from the Materials Project are used. Assuming typical Ashby Plot results: the elastic 

modulus directly relates to the strength of the material. Each candidate’s evaluation score is 

determined by its modulus value level: if 200-299 MPa, 300-399 MPa, 400-499 MPa, 500-599 

MPa, and 600+ MPa, the scoring is 0.2, 0.4, 0.6, 0.8, and 1.  

7.7 Thermal properties assessment based on Thermal Conductivity 

Using two comparable data sources with a range of materials or sources, the thermal 

conductivity for each UHTC is found. The grades are distributed based on each value. If greater 

than 20 W/mK, the compound receives a 1. A thermal conductivity 10-20 W/mK is given a score 

of 0.7. If between 8-10 W/mK, the candidate receives a score of 0.3. Lastly, if the thermal 

conductivity is lower 8 W/mK or data cannot be found, the UHTC receives a score of 0. 
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8 Ceramic Additive Manufacturing 

ASTM International defines additive manufacturing as building objects layer-by-layer 

utilizing computer-aided design. This includes the use of 3D models created directly with 

computer-aided design (CAD) software or imported from computer tomography (CT) scanning 

(47). With this manufacturing process, the model is then loaded into a machine which can build 

layers of the material to form the object. Due to this, additive manufacturing (AM) greatly varies 

from traditional manufacturing methods that cut, grind, and drill away excess material from one 

solid, larger piece. AM has been recognized by many engineering groups and societies as an 

extremely fast-growing technology with extremely high potential. In 2009, ASTM International 

formed a small committee for additive manufacturing technologies, which has now broadened to 

over 600 members representing 25+ nations, leading to 14 internationally recognized technical 

standards for AM. The recognized potential for AM in several fields continues to grow. In 2020, 

ASTM International launched an Additive Manufacturing Center of Excellence focusing 

specifically on the research and development of future AM standards and supports research 

partnerships with universities, private companies, and government organizations. This 

technology has simply unprecedented capabilities, and its potential is internationally recognized. 

Additive manufacturing goes beyond what was previously possible with conventional and 

expensive machining. The ability to create unprecedented parts, decrease lengthy time spans of 

prototyping, and significantly reduce manufacturing costs at low production volumes are the 

three main advantages of this technology. The utilization of CAD plays a large role in creating a 

variety of novel complex geometries. Even objects with unknown dimensions such as living 

forms can be imported into CAD software using scanning techniques to create a printable 3D 

model. Additionally, these models can be easily used for shape optimization. AM also plays a 

large role in changing the prototyping process by significantly increasing the speed of the 

creation of prototyping over conventional methods. This further reduces the overall timespan of 

the development and implementation of parts, saving a large amount of time and money as 

small-scale conventional machining and manufacturing can be around 80% of the total 

manufacturing cost for a new product (48). AM removing or reducing the need for costly 

machining will significantly lower this percentage even while creating more complex geometries 

than ever before. Essentially, AM holds the key for quicker and cheaper creation of 

unprecedented geometries over conventional manufacturing. Additionally, binder-jetting for 

example, a subset of AM 3D Printing, is easily scalable by simply multiplying the size of the 

operation (49). Due to AM’s attractive nature, the ceramics industry has realized many 

applications in a diversity of fields. 

Specifically, ceramic binder-jet additive manufacturing has been implemented to create 

parts for a variety of biomedical and aerospace projects. Biomedical studies produced from 

various bio-ceramics groups indicate a large potential of AM bone repair scaffolds for in vivo 

implementation for a plethora of ailments (50–52). In the aerospace industry, studies for engine 

applications of ceramic binder-jetting shows promise for creating fully non-metallic gas turbine 

engines with carbide-based CMCs (53). These investigations also present successful examples of 

UHTC additive manufacturing of materials, such as tungsten carbide (54). These overwhelming 

positive examples of creation and implementation of AM ceramics with binder-jetting are 

extremely useful when looking towards future, novel applications of these materials. 



Evaluation of Ceramic Heat Exchanger for Next-Generation Concentrated Solar Power 

9 Binder-Jet Additive Manufacturing of Ceramics 

For Gen3 CSP HEX manufacturing based on TPMS geometries with extremely complex 

structures of ceramic, AM with binder-jetting could potentially meet the requirements necessary. 

Conventional machining technologies simply are unable to produce TPMS geometries with 

internal volumes. AM’s unprecedented nature and proven successes exemplify the promise for 

implementation for this application. 

 

Figure 11. Schematic of binder-jet equipment. (55) 

One of the many subsets of additive manufacturing is 3D printing, which then further 

splits into two groups: direct and indirect printing. Binder-jetting is an indirect printing 

technique. Its process consists of three main steps, first, the powder is spread across the printing 

bed surface by the powder spreader in fig.11. Second, in a layer-specific pattern, the inkjet print 

heads spray binder over the powder surface. Third, the printing bed is slightly lowered along the 

z axis to make room for the next layer. These three steps are repeated many times until the 

desired product is entirely built. Where the binder is sprayed, the powder forms a single layer of 

the product. During the build, the product is fully supported by the surrounding excess powder in 

the bed; thus, structural supports are not necessary. After the binder-jet process the excess 

powder is removed around and within the product. For product materials such as sand casting 

molds, this is the final step. For ceramics, densification, a type of post-processing is required to 

reach the final desired density through pressureless sintering or other methods (56). Relative to 

conventional manufacturing and its need for a variety of tools and techniques based on shape, 

material, etc., binder-jet AM is an extremely simple way to create various geometries using all 

different materials using only one machine and the same 3 main steps.  

9.1 Five Key Factors 

Lv et al. defines five key factors of any binder-jet process: powders, binders, printing 

parameters, equipment, and post-treatment. Defining properties of each key factor is essential to 

specify a binder-jet process. The factors and their respective parameters are essential for reaching 

desired strength, accuracy, resolution, density, and roughness of a product (56). Additionally, 

technical gaps and challenges exist within all key factors of binder-jet printing.  
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9.1.1 Powders 

Powder parameters include particles’ shape, size, and distribution. Additives within the 

powder are also important to consider. The technical gap with powders lies within its lack of 

advanced milling processing specifically focused for binder-jetting. This would lead to a powder 

with minimal variability of its parameters, decreasing inconsistencies between products.  

9.1.2 Binders 

Binders are defined by their method of binding, the mechanism behind the droplet 

formation, and the kinetics of its infiltration. Challenges with the binder include weak processed 

geometries due to low binding forces between the binder and powder. However, a technical gap 

for this problem is to investigate the effects of adding an initiator to the binder for a stronger 

crosslink between the two.  

9.1.3 Printing Parameters 

The printing parameters factor is essentially the machine settings to precisely bind the 

powder. This includes layer thickness, volume fraction of solid binder, orientation of printing, 

and the binder saturation of each layer. The effect that these parameters have on the final product 

is not concretely understood and requires computer simulations and further investigation.  

9.1.4 Equipment 

The binder-jet equipment’s functioning capabilities and condition also plays a significant 

role. This directly effects every layer of the build and can limit the performance of parts. 

However, this can be seen in the 3D printing industry as increased interest has led to recent 

unprecedented advancements in the equipment, thus showing promise for binder-jet printing.  

9.1.5 Post-Processing 

Lastly, post-processing technically is not a part of the binder-jet process but is essential to 

consider when reach the final state of some ceramic parts. This includes powder removal and 

further densification. This determines the outcome density of the part, and with further 

investigation can expand ceramic AM part’s potential applications. 

By adjusting the properties of the 5 key factors of powder, binder, printing parameters, 

equipment, and post-treatment, the strength, accuracy, resolution, density, and roughness can be 

manipulated to meet the desired physical and mechanical characteristics. 
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