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HIGH-TEMPERATURE SUPERCONDUCTING TRANSFORMER EVALUATION 

John G. DeSteese 
Jeffery E. Dagle 
James A. Dirks 

Pacific Northwest Laboratory(a) 
Richland, Washington 99352 

ABSTRACT 

The advancing development of high-temperature 
superconducting (HTS) materials is encouraging the 
evaluation of many practical applications. This paper 
summarizes a study that examined,the future potential of 
HTS power transformers in the 30-MVA to 1000-MVA 
capacity range. Transformer performance was 
characterized on the basis of potentially achievable HTS 
materials capabilities and dominant transformer design 
parameters. Life-cycle costs were estimated and compared 
with those of conventional transformers to evaluate the 
economic viability and market potential of HTS designs. 
HTS transformers are projected to have both capital and 
energy cost advantages attributable to their ab&ty to be 
intrinsically smaller and lighter than conventional 
transformers of comparable capacity. 

INTRODUCTION 

Transformers constitute a significant portion of the 
total investment in an electric power delivery system and 
contribute to the system's overall performance and 
efficiency. While conventional transformers in use today 
are already very functional and efficient, it has long been 
anticipated that the incorporation of superconducting 
windings could further reduce losses and realize other 
benefits. Several transformer design studies reported in 
the literature considered the use o f f  uid helium-cooled, 
low-temperature superconductors1A '? '. Estimated 
performance benefits generally represented only a 
marginal improvement over conventional technology and 
many su erconductive designs were found not to be cost- 
effectiv3j6. In addition, technical problems foreseen when 
operating transformer components at temperatures near 
absolute zero were anticipated to necessitate complex and 
expensive subsystems. 

(a) Pacific Northwest Laboratory is operated by BatteIle 
Memorial Institute for the U.S. Department of 
Energy under Contract DE-AC06-76RLO 1830. 

With the prospect of high-temperature 
superconductors operating at or near the temperature of 
liquid nitrogen (77 K) ,  some of the design limitations 
predicted in previous studies may be avoided. To explore 
this possibility, Pacific Northwest Laboratory (PNL) 
performed a study for the U.S. Department of Energy 
(DOE) to characterize the future performance, costs, 
market penetration, .and national benefits of HTS 
transformers'. The overall objective of this work was to 
evaluate design feasibility and benefits that may be 
enabled by future advances in HTS materials technology. 
This paper summarizes the performance and cost 
evaluation. 

STUDY APPROACH 

The following sections describe considerations, 
assumptions and design decisions that provided the basis 
for the HTS transformer evaluation. 

HTS Cryostability Design Options 

Two basic types of HTS transformer were designed 
and compared with current ambient-temperature 
transformer technology. The first HTS type embodies the 
conventional stability design approach for superconducting 
equipment in which stability is achieved by embedding 
superconducting filaments in a metal matrix called the 
stabilizer. These filaments are formed into strands that 
are, in turn, bundled into conductors wound on a 
conventional transformer core. The second HTS type 
represents a non-traditional stability design approach, 
where cryostability is achieved by reducing the operating 
current density and including additional protection 
equipment instead of using stability metal. PNL calls this 
type of HTS transformer an "ultrastable" design. In the 
analysis, the ultrastable design criterion fixed the 
maximum normal operating current density (J) between 
5% and 7% of critical current density (J,J On this basis, 
dtrastable designs could be expected to handle transients 
of 14 to 20 times their rated operating current without 
experiencing instability. Evaluation of these two design 
extremes was undertaken to explore the possible limiting 
bounds of HTS transformer performance. In practice, a 
combination of these design approaches could be used to 
optimize a transformer design for a particular set of 
service conditions. 



Base Case HTS Design Parameters 

The critical current density of the superconductor 
and its strand radius, fdament diameter and twist pitch are 
governing parameters in HTS transformer design. Table 
1 shows the base case values for these parameters used in 
the analysis. The HTS material is assumed to capable of 
superconductive operation approaching the stated J, value 
at or near the temperature of liquid nitrogen and in the 
presence of the magnetic fields normally encountered in a 
transformer. 

Table 1. Base Case HTS Material Parameters 

HTS Material Parameter 
Critical current density (JJ 
Strand radius (rd 
Fiiament diameter (D) 
Twist pitch (Lp> 

Transformer Core Options 

Base Case Value 
16 A/cmZ 

500 pm 
50 pm 
2 cm 

Engineering large power transformers is an 
iterative process in which the values of many design 
parameters are adjusted until an optimized solution is 
found that meets design specifications at minimum cost. 
The core design is a major component of this optimization 
and depends on to a large extent on the material selected. 
Comparisons between HTS and conventional transformers 
were made for two types of core material, either 
conventional 12-mil, M-5 grain- oriented silicon steel or 
amorphous 2605s-2 alloy METGLAS steel. Amorphous 
cores have not yet been applied to the large transformers 
considered in this study. However, consideration of the 
amorphous core option anticipates a possible transformer 
design improvement that could develop over the same 
timeframe in which HTS materials could be applied. 

Losses Modeled 

Table 2 indicates the losses that were modeled in 
the design and performance analysis. Superconductive 
windings must be maintained at cryogenic temperatures. 
This requires the windings be immersed in a cryostat 
containing a suitable cryogenic fluid that is maintained at  
the proper temperature by a refrigeration system. In 
contrast, the steel core in HTS transformers was. 
considered to be external to the cryostat. The heat 
generated by core losses was assumed to be removed by 
a cooling system similar to that of a conventional 
transformer. 

The refrigerator requires input of electrical energy 
to remove heat generated by losses within the cryostat and 
heat entering the cryostat from the environment. Heat 
that leaks into the cryostat through the vacuum vessel 
walls and through the conductor terminal bushings is not 
an electrical loss but does represent an additional load on 
the cooling system. Of the losses listed in Table 2, those 
that are processed thr.0ug.h the cryocooling system have a 
disproportionate effect on the transformer efficiency. 
These losses are hysteresis losses in the superconductor, 
eddy-current losses in the stabilizer, dielectric losses in the 
insulation material, and heat leak into the cryostat; all are 
scaled by the coefficient of performance (COP) of the 
refrigerator. At liquid nitrogen temperature, the losses are 
10 to 20 times more costly than they would be at ambient 
temperature. The refrigeration load is assumed to be 
essentially independently of the load current and is 
included, therefore, as a component of the no-load losses. 

Table 2. Conventional and Superconducting 
Transformer Losses 

Superconducting 
Conventional Crvostable Ultrastable 

No-load losses 
Eddy current (core) x X X 
Eddy current x X 
Hysteresis (core) X X X 

Hysteresis (coils)(a9b) X X 
Stray (leakage) X X X 
Dielectric(a) X X X 

Heat leak(a) X X 

Load losses 
Conductor (12R) X 

(a) Removed by cryocooler in superconducting designs. 
@) Self-field influence calculated at design current. 

Transformer Size Selection 

The potential benefits of applying superconductivity 
appear to increase in proportion to transformer size 
reflected in MVA capacity rating. Therefore, the 
evaluations performed in this study focussed on Iarge 
power transformers connected to the transmission system. 
Table 3 shows the transformer set selected to represent 
the major classifications of large power transformers in the 
power system today. An optimum design was developed 
for each basic type shown in Table 3. Performance and 
life-cyde costs were then evaluated for each combination 



of transformer and core type. With standard and PI%*. General economic assumptions used in the 
amorphous core options combined with conventional and life-cycle cost evaluations are typical for investor-owned 
two superconductive design philosophies, 6 design cases utilities, as summarized in Table 4. 
were compared for each transformer capacity rating. A 
total of 36 design combinations were evaluated in the 
assessment of all the transformer types represented in 
Table 3. 

Optimization Philosophy 

An initial investigation was performed to establish 
the criterion that should be used as the basis for 
transformer design optimization. One approach was to 
design the HTS transformer to achieve a maximum 
reasonable efficiency. The alternative was to use feedback 
from Me-cycle cost estimation to optimize each 
transformer design (within the constraints of the other 
design assumptions) to achieve the lowest possible 
lie-cycle cost. In comparing the approaches, transformers 
designed for the best efficiency were always found to be 
much less cost-effective than transformers designed to 
minimize life-cycle costs. The minimum Me-cycle cost 
philosophy was adopted as the principal transformer 
design criterion. As such, the performance results 
reported in the study do not represent maximum 
attainable efficiency values but are the values obtained for 
designs optimized on a life-cycle cost basis. 

TabIe 3. Transformer Base Case Design Selections 

Size 
. JMVA) 

Stepuu Transformers 
Baseioad Generator 630 
Intermediate Generator 315 
Peaking Generator 63 

High-voltage Transmission loo0 
Subtransmission Voltage 200 

Distribution interface 30 

Autotransformers 

Steu-down Transformer 

Primary 
El 

22 
22 

U.8 

500 
230 

115 

Secondary 
0 

500 
5Qo 
230 

230 
115 

34.5 

Life-Cycle Cost and Economic Assumptions 

Life-cycie cost is one of the key factors that drives 
the market acceptance of a new technology and represents 
the present value of all expenses associated with owning an 
item over its life. These expenses include initial purchase 
and instaliation costs, annual operating and maintenance 
(O&M) costs, and energy costs. Life-cycle cost 
calculations in this study were based on an after-tax, total 
cost of ownership. The calculations were developed with 
an economic evaluation model previously developed at 

Table 4. General Economic Assumptions 

Economic life 
Depreciable life 
Property tax rate 
Income tax rate 
Investment tax credit 
Nominal discount rate 
General inflation rate 
Price year 
Construction period 

30 yrs 
20 yrs 
2.0 % 

39.1 % 
0.0 % 
105 % 
6.0 % 

1989 
l y r  

PERFORMANCE EVALUATION 

Over the investigated range of capacity rating (30 
MVA to loo0 MVA), optimized HTS transformer designs 
were found to have higher efficiencies than their 
conventional counterparts at the same megavolt-ampere 
(MVA) ratings. This appears to result primarily because 
load-dependent losses are eliminated in superconducting 
transformers. Changing from a conventional design to a 
superconducting design involves much more than simply 
replacing the copper windings with superconducting 
material. Numerous design tradeoffs come into play. The 
most important of these are the peak core flux density and 
the core dimensions (and leakage losses), which together 
affect the required number of winding turns, the core 
radius, the leakage flux, core losses, core cost, and 
windings costs. 

Figure 1 shows the efficiency of designs with 
minimum life-cycle cost for base case autotransformers 
and step-down transformers. For all transformer types 
(cryostable, ultrastable, and conventional) and sizes, the 
optimal amorphous core designs have higher efficiencies 
than the conventional laminated core designs. Regardless 
of core technology, the efficiencies of the ultrastable 
designs are the highest at each MVA rating, foIlowed by 
the cryostable and conventional designs (for the base case 
material parameters). Furthermore, as expected, the 
efficiency of all optimized transformer types tends to rise 
with increasing capacity. 

Other Significant Performance Indications 

Among key indications of the transformer 
design/perfonnance analysis is that, for the same MVA 
rating in a conventional transformer, the optimal 
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Figure 1. Efficiency of Grid Transformers Designed for Lowest Life-Cycle Cost 

amorphous core design wiil have a Iarger core than the 
comparable conventional core design. Amorphous cores 
have lower possible flux densities and a lower stacking 
factor than laminated silicon-steel cores. Thus, larger 
cores are to be expected. 

In superconducting designs with conventional 
cores, the peak core flux density will typically be greater 
than in the comparable conventional designs with 
conventional cores. A higher peak core flux density, 
combined with higher possible operating current densities 
in superconducting winding, results in smaller core radii 
and much reduced Winding volumes. Some of the losses 
inside the cryostat (eddy currents in the stability material 
and hysteresis losses in the superconducting material), are 
induced, in part, by the Ieakage flux. The Ieakage flux. 
then increases with core flux density. However, the 
decreased volume more than compensates for the increase 
in the core mass-dependent losses. 

For the base case assumptions, cryostable designs 
have much lower material requirements than comparable 
conventional designs and slightly lower material 
requirements than ultrastable designs. The operating 
current density oE the ultrastabIe and cryostable (induding 
superconducting and stability-material) designs is much 
higher than the conventional designs. Because the 
operating current density of the superconductor is much 
higher than that of the copper in conventional designs, the 
core window areas and winding volumes for the 
superconducting designs are much smaller. This higher 
current density results in designs that typically have more 

than twice the number of turns of the comparable 
conventional design. The higher number of turns allows 
the core radii to be reduced relative to the conventional 
designs with only a slight increase in core flux density. 
Thus, regardless of core type, the superconducting designs 
will have much smaller cores and associated core losses 
than conventional transformer designs. 

The base case ultrastable designs have much 
higher HTS material requirements than the cryostable 
designs because of the large operating safety factor used 
in base case ultrastable designs. Decreasing the required 
operating safety factor (possibly through the use of 
external current-limiting devices) would result in 
significantly smaller, more efficient ultrastable designs. 

The stabilizer requirements (64% to 88% of the 
windmg weights for the base case designs) increase 
roughly proportional to the 4/3 power of the current. 
Thus, transformers with larger ratings (and currents) wili 
require a higher percentage of stabilizer material and, 
therefore, eddy currents will typically represent a larger 
fraction of the total losses. 

COST CHARACTERIZATION 
1 

High-temperature superconducting transformers- 
have the potential for significant life-cycle cost savings 
relative to conventional transformers for all applications 
evaluated. Life-cycle costs of the conventional designs 
ranged. from 1.6 to 23 times higher than the best 
comparable HTS designs. Unlike most energy-saving 



technologies, where initial costs are high but energy costs 
are low, the HTS transformers achieve their life-cycle cost 
advantages with the potential for both lower initial capital 
costs and lower energy costs. The lower capital costs of 
the HTS transformers OCCUT primarily because they can be 
designed significantly smaller than conventional 
transformers. Typical results of life-cycle cost analysis are 
shown in Figure 2 for the 1000-MYA autotransformer 
case, with a silicon-steel core. This breakdown is fairly 
representative of the other HTS cases considered. 

Comparing the two cryostability designs on the 
basis of the design assumptions shown in Table 1, 
cryostable HTS (HTS-CS) transformers appear to have a 
minimal (10% to 20%) life-cycle cost advantage over 
ultrastable (HTS-US) transformers. However, neither 
approach appears to have clear economic superiority over 
the other that can be distinguished given the overall level 
of uncertainty inherent in the study methodology. Cost 
impacts of amorphous cores were found to be similar 
across all transformer types, indicating that the possible 
future incorporation of amorphous cores in large 
conventional power transformers would not provide a 
differential improvement great enough to compensate the 
relative economic advantages of HTS transformers. 

SENSITMTY ANALYSES 

Sensitivity analyses were focused on two areas 
very important in the design of HTS transformers: the 
critical current density of the HTS materials and the 
effects of self-fields. Results indicated that the effect of 
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increasing the critical current from low values to higher 
values does not always represent an improvement in the 
transformer design. In actuality, an optimal critical 
current (from a life-cycie cost standpoint) appears to exist 
for HTS transformers. Using the above base case 
materials parameters, the HTS-CS technology appears to 
be economically superior to the HTS-US technology at 
values of J, below about 16 A/cm2. A possibly surprising 
result of this study is that very high J, is not be required 
in the design of economically superior cryostable 
transformer. Reflecting the economic conditions assumed 
in Table 4, cost-effective HTS-CS transformer designs are 
available with J, less than lo4 A/cm2. 

In contrast, for HTS-US transformers to compete 
with conventional transformers, the critical current densi 
of the superconductor should be at least 1d A/cm . 
HTS-US design increase in viability at slightly higher 
values of J,, but beyond J, = 1 6  A l a 2 ,  life-cycle cost 
effectiveness actually decreased. 

B 

The examination of the self-field impacts indicated 
that this is a critical performance parameter that can 
dramatically impact losses, efficiency, and overall costs of 
HTS transformers. The "knee" in the performance and 
life-cycle cost curves seen as a function of critical current 
density, is dependent primarily on the fields to which the 
conductors are exposed. Thus, if the self-fields determined 
by the model are not representative of actual transformers 
that would be constructed in the future (which may, in 
fact, be designed with the intent of minimizing the 
negative effects of high self-fields), the Iocation of the knee 

- 

Cryadable HTS 
5 Conventional 

0 

Losses 

Figure 2. Life-Cycle Cost Comparison, 1000-MVA Grid, Silicon-Steel Core 
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would be different. It is Likely that a knee will always exist 
at some J,, but good engineering design may be able to 
shift the knee to a higher J, than can possibly be attained 
with high-temperature superconductors. Therefore, by 
considering only attainable values of J,, it wouId appear 
that further increases in J, will always result in further 
increases in efficiency and decreases in life-cycle cost. 

The superconducting material parameters tend to 
drive the design and performance of the HTS 
transformers. By changing the assumed filament diameter 
of the HTS material from 50 pm to 0 5  pm (still larger 
than what is possible with many ceramics), we showed that 
the ultrastable design losses decreased by up to 64% and 
the life-cycle cost decreased by 30%. The effect on the 
cryostable design was much less significant; losses and 
life-cycle costs changed less than 15%. Thus, it is 
impossible to say whether cryostable or ultrastable designs 
will have the ultimate cost and performance advantage 
until the material parameters are known. However, 
analyses such as these can point to areas where research 
will provide the most beneficial results. 

CONCLUDING REMARKS 

The uncertainties inherent in estimating the 
potential performance and costs of future technology are 
unavoidably embedded in the results of this study. 
Nevertheless, the study provides an early indication that 
HTS transformers will have performance and economic 
advantages over conventional transformers if 
superconductin windings can be developed with a J, of at 
least lo4 A/cm . HTS transformers would also have a 
primary advantage over low-temperature (liquid helium- 
cooled) superconducting systems if liquid nitrogen can be 
employed as the refrigerant. However, to operate reliably, 
the criticaI temperature of the HTS materid at maximum 
design current density and magnetic field strength must be 
significantly higher &an the 77-K boiling point of liquid 
nitrogen. 

5 

For superconducting transformers to be more 
efficient and cost-effective than conventional designs, great 
Care must be exercised in designing transformers that will 
minimize the fields to which the conductors are exposed. 
Minimizing the field (leakage or self-field) is likely to be 
the single most important factor in the design and ultimate 
performance of superconducting transformers and other 
alternating current (ac) superconducting devices. Fiiai 
resolution of this issue requires detailed design and 
analysis, prototype testing, or both. 

The results of the market penetration analysis 
performed as part of this study indicate that the potential 

economic savings to the nation from developing HTS 
transformers could be quite large7. For the base case 
market penetration, the saving ranged from $15 to $17 
b ~ o n  (present value, 1989 dollars) depending on the type 
of HTS transformer evaluated. In the sensitivity analysis, 
which considered a longer time period, the savings ranged 
from $25 to $28 billion (present value, 1989 dollars). 

The benefits of adopting HTS transformers 
include not only the dollar savings (in capital, operating 
and maintenance, and energy costs) but also the reduced 
amount of energy that must be generated in the future. 
The results indicated that developing HTS transformers 
could result in cumdative energy savings of between 90 
and 300 billion kwh (approximately 1 to 3 quads of 
primary energy) over the analysis period. 
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